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THE USED SYMBOLS AND UNITS

symbol unit description

b [m] the thickness of the brickwork,

c [mol'1"] the concentration of ions in the water,

C [mol-1] the saturation concentration inside the
pore,

C, [mol-1] the concentration of the ions in the bulk
solution,

d [m] the thickness of the layer of the plaster or
paints on the facades or their sprays,

d, [m] the diffusion resistance,

dyoverall [m] the overall diffusion resistance,

2d,i [m] the sums of the partial diffusion
resistances,

D(6) [m*s™] the isothermal moisture diffusivity,

D, [mz's'l] the coefficient of ion diffusion,

Desr [m*s™] the effective diffusion,

D, [m*s™] the traditional diffusion,

F [C'mol ] the Faraday constant,

G [J] free enthalpy,

h, [ -1, [%] the relative humidity of the air,

h [ -1, [%] the relative humidity of the air/liquid
inside the porous material,

H, [-] the level of hydrophobization,

I [A] the current,

kg [J-K'] the Boltzmann constant,

k [-] the coefficient of the evaporation,

L [m] the length of a sample,

L [mol™] the Avogadro constant,
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=

NV

Nsz,f

NVi
NV,
NV
NVsn

Pv
pv,sat

unit

[ke]
[ke]
[ke]
[kg'mol'l]
[-]
[%]

[%]

[%]
[%]
[%]
[%]

[Pa]
[%]
[Pa]
[Pa]

[Pa]
[Pa]
[-]
[-]
[C]
[kg'm™s]

[kg'm?s]

[ms™]

description

a mass of the water,

a mass of a matter,

a weight of a material,

the molar mass,

the number of ions in the salt,

absorption under the boiling on the water
surface,

absorption under the boiling with the
forced submersion,

absorption under the forced submersion,
the volumetric absorption,

absorption,

the absorption due to the boiling on the
water surface of the hydrophobic matter,
the pressure,

the porosity,

the partial pressure of the water vapour,
the partial pressure of the water saturated
vapour,

the capillary pressure,

the crystallization pressure,

pH of material,

the Peclet’s number

the charge,

the density of a mass flow of liquid water
by transmission,

the density of a mass transport of the
liquid water by transmission,

the water flow,
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< <s g

<

Pw
Ps

unit

[J-mol ™ K]

[mol1'-s]
[m]

[°C]

[K]

[days]

[s]
[°C]

[m>s'- V]

[%]

[%]

[%]
[C-mol]
[kg'm*s™]
[kg'm”]

[kg'm™]
[kg'm”]

description

the gas constant,

the rate of the crystallization,

a radius of the pore,

the ambient temperature of the air,
thermodynamic temperature,

the time necessary for the drying up of a
building matter,

the time,

the temperature of dew point,

the velocity of the water,

the ionic mobility,

the volume of the water,

the total volume of a porous matter (soil
volume+water volume+air space),

a volume of a material,

the volume of void space,

the volume of solids,

the molar volume of the salt,

the mass (gravimetric) water content of a
matter,

the mass of a sample before drying up,

the mass of a sample after drying up,

a mass equilibrium moisture content,

the unit charge,

the mass transfer coefficient,

the volumetric mass density of dried up
sample,

the volumetric mass density of the water,

the volumetric mass density of a matter,
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unit
[°C]
[%0]
[-]

[s]
kg™l

[-1]

[m*s™]

[-1, [%]
[N'm’]

[°]

description

the dew point,

the volumetric water content,

the total amount of the salt content in the
porous matter (material),

the time,

the chemical potential of the water
contained in the material,

the diffusion resistance factor,

coefficient of the moisture conductivity
during the moisture gradient,

the relative humidity of the air,

the tension of the surface - liquid/vapour
interface.

the contact angle - liquid/air and
liquid/soil interface,

the tortuosity factor,

the constrictivity,

coefficient of the moisture conductivity

during the temperature gradient,
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INTRODUCTION

The removal of the moisture from the building constructions and the
desalination is currently discussed topic in the civil engineering. At the present
time different methods are used both for the dewatering and for the desalination
of the building materials. The existing methods are efficient for the dewatering
and for the desalination but it is necessary not only to improve them for the
higher efficiency but also to develop new ones. The problematic of the moisture
and the salts in the building constructions is important because the moisture and
salts dissolved in it can considerably change as the mechanical as the physical
properties of the building materials. These properties influence the suitability of
the used building materials and matters in the engineering practice. Basic
demands for the used methods are the velocity, the efficiency and the economic
factor both for the operation and for the cost of the used equipments. Time for
the dewatering and the desalination may be long, moreover, the application of
the methods is different in relation to the types of the building materials. The
main problem of the desalination is that much knowledge in the area of the salts
is needed to understand the whole process of the crystallization and its
treatment. Within the frame of my dissertation I tried to dewater and to
desalinate the bricks and the sandstones. Together with these issues, one of the
main goals was to improve the laboratory setup which used the clay poultices
for the dewatering and the desalination when an electric field was applied.

In the first part of the thesis, the basic theoretical principles about moisture
and salts are described. In the second part, the results of my experimental work
related to the dewatering and the desalination under an applied DC field are

presented.
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1 MOISTURE IN THE BUILDING MATTERS

The moisture is an important factor in the civil engineering. The moisture is
the technical-physical quantity which has the influence on the majority of
mechanical and physical properties of the building matters and constructions
(brickwork). The moisture as quantity describes the state of the building matter
(brickwork), construction in relation to the volume of the water in any state.
Among the mechanical properties the moisture has influence on the fabrication,
strength, cold resistance and lifetime of the building matters. Among the
physical properties it influences mainly thermal-technical properties, which have
a huge impact on the environment. Wet building matters can also suffer from the

biological corrosion (fungi).

1.1 General knowledge about the hygric properties of the
building matters

Building materials are rarely completely dried up because the water can
penetrate into the materials during the production, storage etc. The climate
influences the materials as well. The water in the matters can be transported by
diffusion of the water vapour, transmission, capillarity, absorption or sorption.

In the engineering practice, the water can occur in three phases, e.g. the solid
phase as ice, the liquid phase as the water and the gas phase as the water vapour.
The building constructions such as outside walls, roofs, foundations are
influenced by these phases mostly. The least influenced building constructions
are the constructions with the lowest temperature and the moisture gradient and
without the direct source of the moisture. From the view of the practice the most
important properties for the moisture are sorption, absorption, capillarity,
diffusion of the water vapour and the conductivity of the water. From the view
of the rehabilitation of the existing buildings and constructions, it is necessary to
know principles and behaviour of the water in these buildings and constructions.
The moisture describes the state of the building matters (masonry), construction

from the view of the water content in the matter in any phase.
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The water (moisture) content is possible to calculate from the following

equation:
w, —Ww
w=(—d}100 [%] (1.1)
Wy
where  Wa.ovoenenene. a water (moisture) content [%]
Wigeeenmeeennenens the mass of a sample before drying up [kg]
7 RO the mass of a sample after drying up [kg]

The following Table 1 shows the levels of the moisture in the brickwork.

There are several levels of the moisture:

Table 1 The levels of the moisture in the brickwork. [1]
Levels of the | Water content

moisture w [%]
Very low w<3.0
Low 3.0Sw<50

Increased 50 <w<75
High [7.5<w<10.0
Very high 10.0 >

The moisture of the building matter (brickwork) is affected by its own
moisture of the building matter and by the relative humidity of indoor and
outdoor climate during the lifetime.

If the temperature and humidity are in a constant stance, equilibrium between
the moisture of a building matter and the humidity of the surrounding air is
obtained. This stance is called equilibrium moisture content.

The moisture of the building matters is affected during the lifetime of the
building matters by many aspects and is therefore variable. The moisture of the
building matter until the end of the industrial process is called the industrial
moisture. From then the industrial moisture gradually decreases or increases
according to the surrounding climatic and the internal conditions until the
moisture gets levelled off content. This stance of the moisture is called stable

moisture. [2]

17



1.1.1 Physical properties of the moisture influence on the building

matters

The basic characteristics of the moisture influence on the building matters
which have been investigated for many years in laboratories and testing rooms
are porosity, absorption, capillarity and the equilibrium moisture content. Other
physical properties of the water as the diffusion of the water vapour and the
capillary conductivity of the water in the porous materials are also in the aim of
the interest. Among the newest investigated physical properties belong the
chemical potential of the moisture and the critical moisture content.  [2] [3] [4]

The porosity

It is the overall percentage amount of a free space which is not filled with the

solid particles. For the determination of the porosity p the following equation is

used:
VV
p= Lv—sj-loo [%] (1.2)
where  Vivovoonnne. the volume of void space [m’]

AV the volume of solids [m’]

The brickwork is characterized as a very porous material composed of a
ceramic shard and a mortar. During the sanitation of the brickwork, it is
necessary to take into account not only the porosity of the brickwork from which
the amount of the water can be found out but also the distribution of the pores in
the brickwork. In the practice, the pores of the brickwork are distributed non-
uniformly. The shapes of the pores are simplified as the shapes of the cylinders
about the definite radius. Thus the effective value of the pores radius has to be
determined. The porous structure of the building matters contains the radius of
the pores about different sizes from the smallest sizes as the sizes of the water
molecules are up to the pores of the macroscopic sizes. According to Dubinin
the pores are divided into three groups.

e 1" group — macroscopic pores about effective radius more than 2:107 m;
18



e 2" group — transitional pores about effective radius 2:107—1.5-10” m;

e 3" group — microscopic pores about effective radius less than 1.5-10” m;

(2] [3][4]

Absorption

Absorption is characterised by the mass moisture which expresses the partial

amount of the water which is absorbed by the dried up building matter when it is

submerged in the water for some fixed time together with the conditions

specified in the norm. From the absorption we can find out the overall amount of

so-called open pores.

For the determination of absorption NV from the mass water contents the

following equation is used:

NV = (M}mo (%] (1.3)

Wy

The volumetric absorption is recalculated from the following equation:

wy, =20 [%] (1.4)
Py
where  Wyeooveveennen the mass of a sample before drying up [kg]
Werreerreennnne the mass of a sample after drying up [kg]
Pldevveeenveeenne the volumetric mass density of dried up sample
[kg'm™]
[0 N the volumetric mass density of the water [kg'm'3]

In addition to the normalized methods, the absorption may be specified:

under the cold conditions NV;
under the cold conditions with the forced submersion NVy;
under boiling on the water surface NV g;

under boiling with the forced submersion NV ;

The absorption of the building matters is affected by hydrophobic and

hygroscopic properties of the building matters. Hydrophobic surface coating is
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the treatment of the building matters with a matter or some cover which is
hydrophobic. When this matter is used the absorption of the building matters is
decreased. The level of the hydrophobization indicates how many times the
absorption of thus hydrophobic matter is decreased in comparison with the

initial state.

— NVWS
v T sth (1.5)
where  Hy............... the level of the hydrophobization
NV ygeeveeeennnn the absorption due to the boiling on the water surface
of the non-hydrophobic matter [%]
NV s heeeneees the absorption due to the boiling on the water surface

of the hydrophobic matter [%]

If the brickwork contains salts the other property called hygroscopicity of the
building matters takes place. This is the property of the salts. Hygroscopicity
may be characterised as the property for the taking water spontaneously from the
air in the surrounding. In the case of the brickwork, the absorption increases and
in many cases the water content in the brickwork is multiplied in comparison
with the brickwork without salts. [2] [3] [4]

Equilibrium moisture content

The equilibrium moisture content is the moisture which the matter takes from
the ambient air during the steady temperature and humid conditions. In the case,
the water has the influence on the porous building matters, the moisture
absorbing from the ambient air on the touch between two layers under the
influence of the intermolecular and surface forces, the term sorption is used. It is
the expression for the absorption, adsorption together with the chemisorption. In
the practice, the water vapour is the most important absorbent. If the partial air

pressure in the object is lower than in the air which is in the surrounding, the
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object takes the water vapour from the air. This physical process is called
sorption.

If the partial air pressure in the object is higher than in the air which is in the
surrounding, the object takes the water vapour away. This physical process is
called desorption. If the temperature and the humid conditions are steady the
equilibrium between the moisture in the object and the moisture in the ambient
air gets the equilibrium state of the moisture. Equilibrium moisture content is
characterized as the zero increment of the moisture and the temperature in the

time under the condition:

dt
0T

ow

-— —0
or

—0 (1.6)

T—>o0

T—oo

Because this condition is practically unrealizable, the equilibrium moisture

content is expressed from the dependence:

w. = f(@) for t = constant (L.7)
where  Wieeeevveeennne. a mass equilibrium moisture content [%]

Woerieieiiinens a water (moisture) content [ - ], [%]

| R the ambient temperature of the air [°C]

Teeeeeereeeeeeees time [s]

[0 TR the relative humidity of the air [ - ], [%]

The equilibrium moisture content of the air is dependent on the temperature,
the relative humidity of the air and on the atmospheric pressure. If the
atmospheric pressure is constant the equilibrium moisture content of the air is

dependant only on the temperature and the relative humidity of the ambient air.

Steady-state and the industrial moisture

The steady-state moisture is the moisture of the building matter or a
construction which is stabilized during the use of the building matters or

materials during a longer period of time. The industrial moisture is the moisture
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which has the building matter just after its production. This type of the moisture
is gradually decreasing under the influences of the climatic conditions and the

internal conditions to the value of the steady-state moisture. [2] [3]

The critical moisture level

The critical moisture level is the maximal amount of the moisture acceptable
in the building matter with which the building matter may be used in the
practice. If the value of the critical moisture level is exceeded the changes in the
building matter are extreme. The mechanical and the physical properties of the
building matters are changed so significantly that the use of such matters or
building materials in the practice is not recommended or might be even
dangerous because the guaranteed properties such as strength, heat conductivity,
chemical properties etc. are different. Its value is specified for the individual

building matters according to the norms. [2] [3]

Chemical potential of the moisture (water)

Chemical potential of the moisture (water) is a thermodynamic potential of
the water transport. Its gradient is an agent of the main transport process of the
moisture. It is defined as a partial enthalpy change G according to the amount of

the moisture content w under the constant pressure, temperature and the amount

of other parts.
M, = 96 p.T.m, #m, kg™ (1.8)
om,,
where  [yeeeeooeeennee. the chemical potential of the water contained in the
material [J 'kg'l]
€ SR free enthalpy [J]
| T pressure [Pa]
f R thermodynamic temperature [K]
Myeeeeeeeeeennnn. a mass of a matter [kg]
Myeeeeeeeennnn.. a mass of the water [kg]
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m; # my....... It signifies that the process occurs under the constant
masses of all parts of the system m; except the mass of the water contained in the
matter m,,. The significance of the chemical potential is that it is possible to
specify the moisture in the different position of the building matter
(construction) and thus to estimate sources of the moisture. According to the law
of thermodynamics the transport of the moisture is from the position with the
higher chemical potential toward the position with the lower chemical potential.
On the basis of this knowledge, it is possible to specify the direction of the

moisture (water) transport. [2] [3]

The conductivity of the moisture (water)

The conductivity of the moisture also called transmission is the property of a
material to transport the moisture in the liquid phase towards its surface from
where the moisture is evaporated or diffused. It is actually capillary transport of
the water in the continuous thin canals.

The transport of the moisture takes place if the moisture gradient is obtained
(the gradient of the moisture during the difference of the temperature 0 °C) or if
the gradient of the temperature is obtained (together with the actual gradient of
the moisture). During the gradient of the moisture and zero gradient of the
temperature the Lykov’s law may be expressed by the following equation. That

is for the calculation of density of a mass flow of liquid water by transmission.

dw 5 1
Qg = —KuPa-—— [kg'm™s™] (1.9)
dx
where Qg feeeeeenees the density of a mass flow of liquid water by
transmission [kg'm'z's'l]
Kippeeevveeeeneeens coefficient of the moisture conductivity during the
moisture gradient [m2' s
Pdeevreeenanneees the volumetric mass density of the material in the dried
up state [kg'm3]
dw ) ) 4
d_ ........... the moisture gradient [m" |
X
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If the transport of the moisture takes place even during the gradient of the

temperature then the movement in the capillaries is specified by the following

equation:
dt 2,1
G r = =K, Py K.~ [kgm™s] (1.10)
dx
where  Qumeoeeeeeeeees the density of a mass transport of the liquid water by
transmission [kg'm'z's'l]
Keveeemveennmnens coefficient of the moisture conductivity during the
temperature gradient [K']
dt
E ............ the temperature gradient [s'm']

In the building practice, the both gradients take effect together therefore the

overall density of a mass flow of the moisture by transmission is expressed as:

Do = Dt + Dos2 [kg'm™s™] (1.11)
[2] [3]

The transport of the moisture in the brickwork

The transport of the moisture in the brickwork is under the influence of the
different physical processes. The following are the main:
e capillary attraction;
¢ the diffusion of the water vapour;
e condensation of the water vapour and the capillary condensation of the
water vapour;
® sorption;

e the transport of the water by other mechanisms;

Capillary attraction

Capillary attraction is an increase of the water in the porous matter as a result

of the capillary elevation (capillary lift) above the level of the water surface in
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the surrounding if the matter is connected with the moisture. For the lifts, the
shape, size of the pores and their connections each other are very important. The
higher the moisture is being lifted, the smaller diameter of the capillary is. The
average diameter of the capillaries in the brickwork (brick + mortar) is about
0.01 mm. These capillaries can lift the moisture up to 1.49 m. The older
buildings have a lot of problems with the waterproofing membranes. The height
(1.49 m) correspondents with the practice because these buildings show the wet
maps on the facade up to the height of 1.5 m when the waterproofing
membranes are missing or are badly done. The development of the capillary
attraction was observed for many building materials.

In the practice, the salts are dissolved in the water. These salts increase the
surface tension and the weight of the liquid. The real shape of the capillary
(grooved walls of cavity) differs considerably from the continuous capillary of
the circle diameter and thus even the height of the lift is different.

The water transport in the pores of the brickwork is shown in Fig. 1. The
water, which is lifted up in the capillary, does not get through the pore of the
large diameter (cavity). Nevertheless, the transport of the moisture is not
stopped. The water at the end of the capillary evaporates and diffuses to the next
wall of the cavity where the water vapour condenses and in the liquid phase is
lifted by the capillaries higher. Except the free water also the water bonded in
the thickness of few molecules is lifted up slowly on the walls of the capillaries.
Thus on the walls of the capillaries the stiff film is created. This bounded water
does not freeze at 0 °C and it is not possible to evaporate it at the temperatures
above 100 °C. Under the normal conditions the water changes its phase from the
liquid to the gas and thus the evaporation is obtained. The share of the rising
water in the construction is dependent on the hydro-geological properties of the
subsoil. The gravel subsoil may transport the water only about 100 mm above
the groundwater. The subsoil from the clay may transport the water even few

meters above. [2] [3]
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Fig. 1 Sections of the pore with the grooved surface and cavity.

Diffusion of the water vapour

Diffusion of the water vapour occurs due to the differences of the partial
pressures of the water vapour in the soils, constructions and in the air between
the outdoor and the internal environment. The gas or the water vapour diffuse in
every porous matter if the pores are larger than the average free track of the
thermal motion of the gas molecules or the molecules of the water vapour. The
average free track of the water molecules H,O is 2.78-:10"° m. There are micro-
capillaries or macro-capillaries in the building matters. In macro-capillaries
about dimension d >> 107 m the capillary condensation does not occur. The
water vapour is transported under the law of the diffusion because the free track
of the molecules of the water vapour is shorter than the diameters of the porous
matter. In micropores about dimension d << 10”7 m the capillary condensation
occurs and the motion of the water vapour is under the law of effusion because
the free track of the molecules of the water vapour is either the same or longer
than the diameter of a porous matter. The water vapour, which diffuses, moves
from the place with the higher partial pressure (higher concentration of the
water, higher temperature) towards the place with the lower partial pressure.
Under the specific temperature and the pressure conditions, the water vapour
may condensate in the matter and construction. The condensation of the water
vapour may occur even at the homogeneous and single-layer constructions but

its influence is generally neglected. At the more layered constructions, the
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condensation is more dangerous and may lead to the degradation of the
construction.

The diffusion resistance factor | defines how many times the diffusion
resistance factor of the building construction is higher than the diffusion
resistance factor for the same layer of the air (dimensionless quantity). The
diffusion resistance represents the transmission of the water vapour through the

surface and is given as:

d,=u-d [m] (1.12)
where  d......ccoceeees the thickness of the layer of the plaster or paints on the

facades and their sprays [m],

The overall diffusion resistance of the building construction dyoveran 18

calculated from the sums of the partial diffusion resistances:

d,uoverall = Zd,u,i [m] (1 13)

For the ordinary use of the building, it is suitable for the diffusion resistance
of a single layer being lower towards the outside. Otherwise the condensation of
the water vapour may occur between the layers. For the longest period of the
year the motion of the water vapour is from the inside towards the outside of the
building. The diffusion of the water vapour may be reversed for a short period of
time during the summer, however, that moment has only little importance
because the differences between the outside and the inside surface of the
brickwork are little. Generally in practice, it is advised that the plaster on the
facade should have a lower diffusion resistance than the brickwork and the

paints should have a lower diffusion resistance than a plaster. (2]

Condensation

The condensation means that the water vapour is condensed either on the
surface or inside an object. The air may contain only the partial amount of the

water vapour. If the partial pressure of the water vapour gets a specific maximal
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value P, g, then the air gets saturated with the water vapour. The air gets so-
called the dew point. If the additional air gets in thus saturated state of the air, it
results in so-called condensation of the water vapour. The condensation is
shown as mist, drops of the water (dew) etc. All these cases are called the
condensation of the water vapour on the surface. That effect is due to the
changes of the temperature. If the temperature on the surface of an object is
lower than the dew point, the condensation on the surface occurs. The
proportion of the partial pressure of the water vapour P, and the partial pressure

of the water saturated vapour P, g, is called the relative humidity:

P
¢=[PV )-100 [%] (1.14)

The water content in the air is expressed either as [%] or as the absolute
moisture [g'm™]. The percentage of the air saturation with the water vapour is
the function of the temperature. The relative humidity is thus different for the

specific value P, at the different temperature of the air.

i
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Fig. 2 The dependence of the P, on the air temperature.

28



Table 2 The dew point. [5]
The air temperature [°C] -20 -10 0 10 20 30

Max. amount of the
water vapour in the [g‘m'3] 0.9 2.2 4.8 9.4 17.3 30.3
air

Table 3 Amount of the water vapour in the air at the different relative humidity. [5]

’ll;he I.'el.atlve Amount of the water vapour in the air [g'm™]
umidity of . . .
the air during the air temperatures [°C]
o [%] -20 -10 0 10 20 30
30 0.3 0.7 1.4 2.8 5.2 9
40 0.35 0.9 1.9 3.8 6.9 12
50 0.45 1.1 2.4 4.7 8.7 15
60 0.54 1.3 2.9 5.6 10 18
70 0.63 1.5 34 6.6 12 21

The condensation in the capillaries occurs in the pores with the diameters
larger than 0.5-10° mm because the diameter of the water molecule is 10”7 mm.
In the pores with the smaller diameters the diffusion of the water vapour does
not occur. At the tortuous surfaces with the diameter smaller than 10™ mm the
condensation of the water vapour occurs much faster than the condensation on a
surface. In the building practice that means if the humid and temperature
conditions and the same volume of the pores are achieved then the same two
matters will be diversified by the internal moisture content if they have the pores
of the different diameters.

The capillary condensation is the reason why the fine porous stones and a
cement mortar have the higher moisture content under the same temperature.
The places fixed with the cement mortar or the cement plaster in the wet cellars
have the higher moisture content for the life time of the construction contrary to
the building materials with the larger pores which stay dry. The similar case is at
new and old brickwork. The old brickwork has already soaked salts up. That
results in the changes of the capillary attraction therefore the brickwork has the
higher water content. [2] [3] [4] [S]
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Brickwork chemistry

In the building materials, there are a lot of different chemical reactions. The
chemical processes of the degradation occur mostly due to the chemical
reactions of less stabilized elements as calcium carbonate CaCQO; with the
solutions of the weak acids. The results of the chemical reactions are salts which
have the influence on the properties such as porosity, hygroscopicity,
absorption, electrical conductivity, electrical potential etc. On the surfaces of the
building materials and constructions, the coloured salts are seen mostly on the
boundary between wet and dry part of the material. That effect is called
efflorescence. These salts have a negative effect mostly from the aesthetic view
on the construction. The efflorescence is shown as spots of powder, crystals or
crust on the walls. The salts which are dissolved in the moisture are transported
towards the surface of the plaster and after the evaporation of the water these
salts may crystallize.

In addition to efflorescence created on the surface, the salts can crystallize
even between the layers of the plaster and the brickwork. That is called
subflorescence. That case has much more damaging effect for a construction.
The important property of the salts is their hygroscopicity. Due to this property
the salts increase the amount of the water in the building construction. During
the crystallization very high internal pressures occur together with the increases
in the volume. The crystallization pressure may be up to 200 MPa. Except the
efflorescence and subflorescence even the water may have negative influence as
a result of the chemical reactions. According to the chemical properties, the
rainwater, groundwater and operative water cause the higher water content in the
construction. The water may be classified into three groups:

e 1* group — the acidic water;
e 2" group — the water which contains sulphates;

e 3" group — the water with lack of minerals;

[2] [3]16]
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The water transport due to other mechanisms

The shape, polarity and the gradient of an electric field in the wet brickwork
are related to the direction, speed, amount of the moisture which is transported
in the brickwork and to its chemical composition.

The electric field may be created in the brickwork as a result of the different
mobility of ions of dissoluble salts in the rising water which are massed at the
border of the evaporation. From here ions penetrate back towards the bottom
part of the foundations into the zone with a solution of less concentration. The
mobility of cations and anions is different. Therefore the positive pole at the wet
brickwork is found out generally in the evaporation zone and the negative pole
at the bottom of the brickwork or close to the terrain surrounding.

The other chemical processes may occur when a building material is in the
connection with the different material. That may influence electrical voltage
between these materials. The material with the higher value of the electrical
voltage transfers the electrical voltage to the material with the lower value of the
electrical voltage. The metallic parts which are fitted in the wet brickwork and
are under the process of the degradation are the sources of the galvanic cell
which influence the water transport. These voltages may be even above 1000
mV. The moisture in the brickwork moves even in the cross direction. From the
wall with the higher temperature or from the place with the higher partial
pressure of the water vapour the diffusion starts towards the place with the lower
pressure. Diffusion occurs only in the capillaries and the pores filled with the air
and in the capillaries and pores which are not fully filled with the water. The
second force which operates in this direction is thermo-osmosis (TO). That
phenomena transports the water towards the location with the higher
temperature. It operates in the opposite direction than diffusion does under the
condition that the capillaries or pores have to be fulfilled with the water. In
general, the diffusion occurs mostly in the capillaries and pores with the larger
diameters and the thermo-osmosis in the thinner capillaries. These both kinds of

the water transport are summed up. The prevailing from the both processes
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establishes the final direction of the moisture movement either towards the outer
or inner surface. The electric field in the building constructions is influenced
with so-called stray currents which are created for example around the

electrified rails or in the cities around the trolley-lines. [2] [3]

1.2 The methods for the drying of the building materials

The sanitation of the brickwork means the process which results in a high and
a permanent decrease in the water contents both in the constructions which are
underground and above the ground. The excessive moisture content in the
building construction may be as the result of many factors because the water can
penetrate into the building matters in the phase of the liquid and the water
vapour in many ways. The following kinds of the water are among these causing
the excessive dampness in the constructions:

® rain water;

e capillary water;

e condensed water;

e ground water which causes the pressure;

e the water which penetrates into the construction as a result of the failure
of the water installations;

It is important to realize that after the sanitation of the wet brickwork, the
water content in the brickwork will not decrease suddenly below the limiting
values but the significant decreases should be obtained. The decreases of the
water contents depend on the properties of the materials or brickwork,
temperature and the relative humidity. This stance of the moisture is called
hygroscopic equilibrium moisture content. From the practice, it was found out
that to dry out a new built house from the bricks took about two years.

The methods for the sanitation of the wet brickwork according to the norm
CSN P 73 0610 are divided into groups:
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1.2.1 Direct methods

e Mechanical;

Chemical;

Electroosmotic;

e Magnetokinetic;

Air-isolating;
1.2.2 Supplementary direct methods

¢ Hydrophobic mediums;

e Quter paints, spraying and sealing of seam;
1.2.3 The indirect methods

¢ Drainage of the terrain and landscaping;

The functionality of the sanitation;

The adaption of the terrain in surrounding;

Heating in the building;

Ventilation of the internal rooms;

The drying methods;
1.2.4 The supplementary indirect methods

e The system of the sanitation plasters.

The effective sanitation of the wet brickwork consists of a complex design
and a combination between both direct and indirect methods. At the present
dissertation, I focused on the building materials such as bricks and sandstones

and on the direct electroosmotic methods. [1] [2]

1.3 The building matters such as the porous materials

The most of the building materials contain except the solid phase also other
two phases in some volumes. The spaces, which are filled with liquid and gas
phase and are much smaller in their size than the dimension of an object, are
called pores. The matter is defined as porous if the pores in the matter are

distributed in the way that the system can be specified in its continuum i.e. the
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representative volume of an object can be defined. The water usually fills these
pores either partially or fully. The materials contain rarely no water. The water
contained in the pores is not chemically pure and contains much or less amount
of the different dissoluble matters in it. If these concentrations are low the
dissoluble matters may be neglected. The water amount related to a unit of mass
or a unit of volume is called the moisture of a matter.

A mass water content w is a proportion of a mass of a sample before the
drying up w,, and a mass of a sample after the drying up wy (see the equation
1.1). The volumetric water content 0 is a proportion of the volume of the water

V., to the volume of a porous matter V from the following equation:

VW
9:7100 [%] (115)
t
where  O................ the volumetric water content [ %]
Viyerreoeeeeeennn the volume of the water [m’]
Vi the total volume of a porous matter (soil volume +

water volume + air space) [m’]

The volumetric water content is preferred when the aim is to quantify the
overall amount of the water in the porous matter or to specify the level of the
water filled in the pores. Because the specification of the volumetric water
content in the building material is quite difficult contrary to a mass water

content, the volumetric water content is determined from the following equation:

6 =P [%] (1.16)
Py
where  O................ the volumetric water content [ %]
Woeeeieeeeeeeeeenns a mass water content of a matter [ %]
Pierveeeerveenne the volumetric mass density of a matter [kg'm™]
Prweeeeneeennreenns the volumetric mass density of the water [kg'm™]

[2] [5]
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1.3.1 The methods for the dewatering of the building matters and the

constructions

The moisture problems occur usually at the older buildings in which the
waterproof membrane was badly done but also at the new buildings which
suffered from the floods etc. The flooded brickwork is wet for a long time even
when it seems to be dry on the surface, however, in the brickwork a high water
content remains. We can assume that the brickwork may be saturated with the
water content about 20 % at the specific weight 1800 kg'm™. Then the water
content in 1 m’ of the brickwork is about 360 1-1 m” of the brickwork about 450
mm thickness may contain up to 160 1 of the water. If we want to estimate time
in which the brickwork will be dried up spontaneously to the water content

about 3 % the following Cadiergue’s equation may be used:

T=k-b* [days] (1.17)

where  T........... the time necessary for the drying up of a building
matter [days]
Keoioeieins the coefficient of the evaporation (brickwork 0.28)
[-]
| o T the thickness of the brickwork [cm]

The spontaneous drying of the brickwork in thickness of 45 cm would take
under the normal conditions about 1.5 years. It is necessary to take into account
the changes of the seasons mostly wet, rainy days and thus the time for the
drying is prolonged. At the brickwork with the thickness of 60 cm the duration
for the drying under the optimal conditions would be about 3 years.

The speed of the evaporation is therefore influenced by many factors. Except
of the speed of the air flow also the relative humidity and the air temperature are
significant. During the summer the relative humidity is higher than in the winter
and the spontaneous evaporation is thus much slower. The drying is moreover
influenced by the air permeability of the surface of the brickwork. The materials
with lower air permeability as some paints, ceramic facing (bath-rooms, kitchens
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etc.) but also the cement plasters slow down or stop the spontaneous drying
process. The evaporation coefficient for the cement plaster is 2.5. In the practice,

that generally means the stop for the drying process. (2]

Equipments for the drying under the influence of the hot air

The drying process with the heaters
The water saturated wall gets warmer due to the influence of the circulating
air from the heaters. In addition, the relative humidity of the circulating air is the
lower (positive effect), the colder air from the outside gets into the system. The
wet wall is gradually warmed up and the circulating air enables faster exhaust of
the water vapour from the wet brickwork. The speed of the drying or the final
drying depends on the temperature with which the wet wall is being warmed up.
Another factor is the intensity of the circulation and the duration which is
necessary for the wall being warmed up. The last factor is the humidity of the
circulating air. The heaters belong to the easiest option for the drying of the
building constructions. At the present time, the new electrical heaters may be
also classified to this group.
The possible use of the heaters:
e The rooms where the use of the condensing dehumidifiers is not
appropriate the use of the heaters is a suitable option;
e spaces without the possibility to close (halls etc.);
® {00 big rooms;
The recommendations for the proper use of the heaters:
e The heaters are not allowed to radiate on the brickwork in the distance
less than 70 cm to be efficient;
e The ventilation to the outer space is necessary during the drying process;
e [t is not recommended to use heaters together with the condensing
dehumidifiers with the open fire because during the drying the water
vapour is created and accumulated in the closed room which is being

dried up;
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e The sudden decrease in the humidity has to be checked because under
some circumstances that might lead to the failure of the static;
¢ The places, where the electrical and water installations are, have to be dry

with the care especially parts where the water in the plastic pipes is;

Fig. 3 Figure of a heater: 1 — a fan, 2 — electrical heater, 3 — a hot air, 4 — a cold air.

Radiation panels

The drying process with the radiation panels
During the convective heating, the air is being warmed with the heaters. Then
the hot air transmits the heat by the heat flow to the surfaces of the warmed
objects (walls, furniture etc.). From the energy point of the view, the radiate part
is minimal. During the heating with the radiation panels this proportion is
reversed. It means that the radiation do not warm the air but freely passes
through it. The sharing heat is mostly due to the radiation. The radiation flow
after the fall on the objects (wall, floor, furniture) is partially reflected about 15
% and its 85 % is absorbed in the objects on which the radiation felt. From this
point, the radiation energy is transformed in the heat energy and the objects are
being warmed up. This principle is called infra heating.
The possible use of the radiation panels:
e The use of the panels is suitable for the heating of any spaces;
¢ The lower costs of the energy in comparison with the convective heating;
e To reduce the possible condensation on the wall surfaces because the air

humidity does not increase significantly;
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e The wall from the panels and a concrete wall - it is possible to dry up a
concrete wall about 30 cm of thickness and 1.3 m of height which is fully
water saturated after 24-48 hours when an appropriate radiation panel is

used;

i

o
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M AN
Fig. 4 Radiation panel: 1 — a radiation panel, 2 — a radiation flow,
3 — areflected radiation flow.

The condensing dehumidifiers

The drying process with the condensing dehumidifiers
During the use of the dehumidifiers, the condensation of the moisture which
is contained in the air occurs therefore it is necessary to keep rules for their use
otherwise the efficiency of the dehumidifiers might be decreased. The moist air
gets into the dehumidifier where the air is cooled. The condensed water flows
into the storage or directly into the drainage.
The possible use of the dehumidifiers:
e To dry out cellars, halls and archives after floods;
¢ To dry out wet rooms and the buildings without facilities;
The recommendations for the proper use of the dehumidifiers:

e [t is necessary to remove any dirt, salts from the surface. If the plaster is
deteriorated it has to be removed before the drying process;

e The dehumidifiers have to be used in the right quantity because there are
many dehumidifiers with the different capacities. If the quantity of the
dehumidifiers is not sufficient, the condensation may occur on the walls
and windows. If the dehumidifiers were more, the more energy would be

consumed;
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e The access of the air from the different rooms or outside should be
avoided;

e To cover every gap in the drying-out room;

e The temperature of the air in the drying-out room should be kept between
20-30 °C (the higher temperature, the quicker evaporation of the moisture
from the brickwork);

e The ventilation is not allowed. The access to the room is allowed only to
empty the storage with the water;

e The dehumidifiers should be kept running in the room until the water
content decreases to the state of 3 % called as a very low level of the
moisture. Then it is possible to move the dehumidifiers into the other

room. The moisture may be checked with the humidity meters;

e
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Fig. 5 A figure of a dehumidifier drier: 1 — a compressor, 2 — a storage for the water, 3
—a fan, 4 — a condenser, 5 — an evaporator, 6 — dry air, 7 — moist air,

Adsorptive dehumidifiers

The drying process with adsorptive dehumidifiers

Adsorption is a property of the solids to concentrate gases and liquids on their
surfaces. The adsorption is a physical process which occurs on the interfaces of
the liquid—solid phase or gas—solid phase. During this process the concentration
of either gas or liquid compounds appears on the surface of an adsorbent (solid
substance). The adsorptive dehumidifiers draw the water directly from the
absorbed air on the basis of the hygroscopic adsorption. The air for the
dehumidification gets into the system with a fan through a filter and continues
over the slowly rotating sorption wheel where the water molecules are bonded to

a sorbent etc. gelatinous silica gel.
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The possible use of the dehumidifiers:
e To dry out the buildings and the storage spaces;
e To dry out the places which have already been dried to the very low

moisture level;
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Fig. 6 A figure of the adsorptive dehumidifier: 1 — an input of the process air, 2 — an
output of the regenerative air, 3 — a filter for the input air, 4 — a adsorptive rotor, 5 —
heater of the regenerative air, 6 — a filter of regenerative air, 7 — an output of the
dehumidified air, 8 — an input of the regenerative air,
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Ventilation—-windows, doors

The drying process with the ventilation
The ventilation is one of the way how to dry out a room. It is based on the
natural air flow through the open windows or doors. To speed-up the ventilation,
different types of fans may be used.
The possible use of the ventilation:
e To dry out the rooms;
e To regulate the stuffy air—the air exchange;
e To regulate the temperature;
e The air is needed for burning boiler, stove etc.;

Two main types of the ventilation:

a) Natural ventilation b) Forced air ventilation
- ventilation in joints, - the equipment for the ventilation,
- ventilation through windows, doors, - air conditioning,

- ventilation in shafts,
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The microwave drying

The drying process with microwaves

The principle of microwave drying is based on the vibrations of the water
molecules when the microwaves are applied into the brickwork. This movement
and the friction generate the heat energy. This generated energy transforms the
water molecules in the water vapour which is ventilated. The vibration of the
water molecules is the primary action in this process. The water molecules are
able to get rid of their energetic potential which bonds them to the capillaries in
the building materials and makes them impossible to evaporate. It is not possible
to get this stance only due to the water heating. The pressure of the water vapour
is created from the vibration of the water molecules under applied microwaves.
That pressure comes from the middle of a material and continues to the outer
surface of a material but at the basement only to the interior (slower process).
The microwaves cause the heat of an object in its whole mass and that is the
main difference against the heaters. The dependence of an absorbed amount of
the energy is on the properties of the materials and the characteristics of the
radiation such as the frequency of the microwave field, permittivity, dielectric
dissipation factor and the intensity of an electric field in the material. For the
drying process of the materials and for the removal of the pests in it, the
frequency 2450 MHz is generally used. This corresponds to the wave length of
12.5 cm. This frequency is chosen because it influences the water molecules the
most. The duration of the drying depends on the factors such as the wall

thickness, type of a material and the level of the water content in the brickwork.

>
1

Fig. 7 A device for drying with microwaves 1 — microwave supply, 2 — a generator of
microwaves, 3 — a waveguide antenna, 4 — a sticked shaped antenna, 5 — a horn shaped
antenna,
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The possible use of the microwave drying:
e To dry out quickly the buildings after floods;
e To dry out wooden parts;

e To remove pests and fungi;

e To dry out only the specific parts of the building constructions;

The electroosmotic drying

The drying due to electro-osmosis is described in the chapter (3

ELECTROKINETICS)

(2] (71 (81 [91 [10] [11]
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2 SALTS

Soluble salts are considered as the most common source of the building
damage in the building constructions mainly in the lower parts of the buildings.
The sources in the building matters are different. Types and the amount of the
salt concentrations in the building matters depend on the physical properties of
the salts, the used materials, the amount of the moisture in the material, the way

of its contamination and on many other factors related to the environment.

2.1 Transfer of the salts and the moisture

¢ To understand how and which mechanism of the damage is created;
e To choose and to design the right intervention and to estimate the
efficiency of the outcome;

e To predict the future evolution of the damage;

The final distribution of the salts balances and depends on the three
processes:
e The rate of the moisture loss through the evaporation;
e The rate of the moisture supply by the capillary flow;
e The rate of ion back diffusion due to the concentration gradient
established within the salt solution; [6]

2.2 Transport of the moisture and ions

There are two main types of the transport mechanisms for the salts induced by
the water in the matters-diffusion and advection. In the first stage of the drying
of the building matters, the advection takes a major role. It means that the ions
accumulate at the surface of an object during the drying from the beginning and
their concentration increases following the water evaporation from the surface.
The first stage is in the liquid phase. That evaporation process occurs until the
amount of the moisture supplied to the surface is higher or equal to the amount
of the evaporated moisture. The drying phase is influenced by the environmental

conditions such as the relative humidity, temperature, air speed and many
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factors such as the porosity of the material, the area and the surface of the

material and the level of the saturation in the pores. [6]

drying
surfoce

4 MOISTURE FLOW 4—

AIRFLOW
oclvection dif fusion

| S5
acrumulation e leveling of £
Fig. 8 A scheme of one-sided drying sample which is saturated with a salt solution.

The diffusion as the second main transport mechanism is influenced mostly
by the porous structure in the connection with the capillary forces. The moisture
flows preferentially into the micropores due to the pressure gradient. That action
results in a lack of the water inside the macropores and thus the isolated clusters
are created. The discontinuity of the moisture flow occurs and the moisture
transport is provided through the vapour phase. The isolated clusters are
evaporated due to the high difference of the relative humidity between the air
around the clusters and the relative humidity at the surface of the matter or a
material. During the drying process, the air moves into the largest pores, where

the capillary pressure (P.) is the lowest. The following equation describes that

process as:
2y
pe=" cos(p) [Pa] @2.1)
where  TIpeeeeeeeen... a radius of the pore [m]
Vereerrreerannneans the tension of the surface - liquid/vapour interface
[N'm"]
[ ST the contact angle - liquid/air and liquid/soil interface
[°]
Prweeeeneeennreenns the volumetric mass density of the water [kg'm™]
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The following equation describes the moisture transport during the drying
process. The gravity is neglected. The mechanisms as the liquid flow and the
diffusion of the vapour are in the combination called as the moisture diffusivity.

The following model does not include the moisture transport due to the salt

gradient.
% = aa_x (D(H)aa—f ) (2.2)
where 0., the volumetric liquid moisture content [m3'm'3]
D(0)............ the isothermal moisture diffusivity [m*s]
In the following equation the influence of the salts is included:
a(;;”) =—%(6(Dc %—cUJ—R (2.3)
where  Cuoeeeeeeenn. the concentration of ions in the water [mol‘1"]
| D JSU the diffusion coefficient of the ions in the moisture
inside the porous medium [mz's'l]
| 6 S the velocity of the water [ms™]
Rociiiiis the rate of the crystallization [mol-1"s™]
Oceeeerereerneee the total amount of the salt content in the porous matter
(material) [12] [13] [14]

As it has been written two main mechanisms the advection and diffusion are
responsible for the moisture transport connected with the salt transport. The Fig.
9 shows these two mechanisms during the drying of a sample of the fired-clay
brick contaminated with the 3 M(NaCl) solution. The measurements of ions
were conducted with the nuclear magnetic resonance. From the beginning of the
experiment, a quick and a high increase of ions at the surface of the sample is
seen. That quick increase at the surface was due to the advection—the first stage.
When the concentration of ions at the surface gets its saturated value the
additional advection may lead to the crystallization—the crystals may be seen on

the surface. When the surface changes due to the salts, efficiency of the
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advection decreases. Diffusion (second stage) starts its importance from that
point. The concentration of ions is being levelled off in the cross section of the
whole material during the next days until the concentration of ions in the sample
of brick gets saturated value 6 M. The relation between the advection and the

diffusion may be expressed as the Peclet’s number P.:

F, = g—f (2.4)
where L............... the length of a sample [m]

| D JSUUR the coefficient of ion diffusion [m*s”]

| 6 O the velocity of the water [ms™] [6] [12] [14]

If the P, << 1 the diffusion prevails. If the P, >> 1 the advection dominates.

From the Fig. 9 it is clear when the diffusion and advection are dominant.
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Fig. 9 The profile of NaCl concentration measured during the drying of a fired-clay
brick sample of 45 mm length after 0, 1, 3, 6,9, 12, and 15 days. The drying surface is
at O mm. [6] [12]

2.3 The viscosity — the property of a solution

The viscosity of the liquid is a very important property and may influence the
capillary flow significantly. The accumulation of the ions which results in the

high concentration at the surface may slow down the capillary flow and the
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evaporation rate which was demonstrated in the study [15]. It was shown that

the different types of salts influence the capillary flow differently. [6] [12]

2.4 The structure — the influence of the structure on the
evaporation

It was observed that the damage by salts in the material structure may be
transported from one layer into the other by the advection. The different size of
the pores is important because in the pores of the small sizes (fine pores) it was
proved that these held the moister longer due to the higher capillary pressure.
That results in the drying of the larger pores firstly. [6] [16]

2.5 The structure — the influence of the relative humidity

Another important condition for the water flow is the relative humidity which
may also influence the crystallization significantly. The following equation

expresses the connection of the surfaces air/material interface:

q, =pBh, —h) (2.5)
where B the mass transfer coefficient [kg'mz's'l]

| s P the relative humidity of the air [%], [ - ]

hpeeeeeienee. the relative humidity of the air/liquid inside the

porous material [%], [ - ]

Nevertheless, the 8 coefficient may be influenced by many factors such as the
velocity of the air, the thickness of the drying surface, the porosity of the
material etc. If the salts are presented in the moisture, the situation becomes
even much more complicated. The relative humidity is one of the most

important factor for the crystallization. [6] [12]

2.6 The damaging effect of the crystallization

The salts can cause serious damages in the building constructions. The
damages are due to the changes in the mechanical and physical properties of the

salts in the building matters. During the changes of the salt properties, the high
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pressures occur. These pressures are much higher than the tensile strength of the
building materials. Generally, the main responsible mechanisms for these
damages in the matters caused by the salts are:

¢ the crystallization pressure;

¢ the hydration pressure;

e other theories exist; [17]

2.6.1 The crystallization pressure

The salts have different chemical and physical properties. Their combinations
and the salt mixtures can be created. In addition, the different salts and their
mixtures crystallize at the different relative humidity. Thus it is very difficult to
predict the crystallization. The mathematical model for the crystallization
pressure was defined by Correns. It was proved that the crystals of the salts had
to be in a supersaturated state to derive the crystallization pressure [18]. The

following equation describes the pressure:

p=" m[ﬁj [Pa] (2.6)
ve G,
where  P................. the crystallization pressure [Pa]
G the saturation concentration inside the pore [mol-1],
Corrrerrrrnnnn, the concentration of the ions in the bulk solution
[mol-1]
Rooiioiis the gas constant [J-mol K]
f the thermodynamic temperature [K]
Verrnrnrnrnrnnnnns the molar volume of the salt [m>1"]
1 FOURURR the number of ions in the salt

In the recent years, this equation has been only refined and it was found out
that the equation was appropriate only for calculation of the high pressures in
very small pores (< 10 nm). Thus the problematic of the crystallization at the
historic buildings and building materials is very difficult because the historic

buildings are built with the different materials which may contain even larger
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pores. Moreover the building constructions are built from many layers of the
materials and the different salts have different properties in relation to the
crystallization pressure. Therefore the mathematical model which might solve

the problematic of the crystallization pressure has not been found out so far.

2.6.2 The hydration pressure

The crystallization of the salts may be repeated many times due to the
changes of the relative humidity. During the crystallization and re-crystallization
a low hydrate may be changed to the higher hydrate in conjunctions with the
high pressures called as the hydrate pressures [19]. [6] [12] [17]

2.6.3 Other theories

In the previous study it was proved that the crystallization pressure was
dependent on the type of the salt. Not every salt can create such a high pressure
to cause the damage in the material. For example the sodium chloride does not
create such a high pressure [20]. The pressure depends on many factors such as

the material porosity, RH, the water content and many others. [17]

2.7 The climate and its influence on the salt formation

The influence of the climate on the salts is a crucial factor. The different types
of the salts and their formations crystallize due to the different relative humidity.

Table 4 shows the deliquence points of some salts.

Table 4 Deliquence point for some salts. [17]
The deliquence
point [% RH]

MgCl, - 6H,0 33
Ca(NO3), 50
NaNOs; - 4H,0 74
NaCl 75
Na;SO4 82
Na,SO, - 10H,O 91
CaSOy - 2H,0 100
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The increases in the relative humidity from below to above the deliquence
point cause the dissolution of the salts which are precipitated contrary to the
decreases in the relative humidity from above to below the deliquence point
where the precipitations of the salts occur. The changes of the relative humidity
is only a partial condition for the dissolution/precipitation effect. The other
important factor is the temperature because some types of the salts are
dependent on the temperature therefore the prediction of the salt behaviour is

complex and complicated. [17]

2.8 The damaging concentration related to the salt anions

Currently, only few countries have a threshold for the limits of the
concentrations of the most common salt anions. Critical amount of the salts in
the building matters are different in accordance with the type of the material,
characteristic of the salt, amount of the moisture etc. Generally, to find out the
limiting amount of the salts in the building construction is difficult. In the
present dissertation, the threshold values according with ONORM 3355-1 [21]
are taken into account. The used thresholds are related solely to the anions of
chlorides (CI), nitrates (NO5') and sulphates (SO42'). [17]

Table 5 Treshold values for chloride anions from ONORM 3355-1. [21]

. water content -1 .
anion w[%] [g'kg™] solution

<0.03 <03 without risk

individual evaluation
necessary

chlorides 0.03-0.10 0.3-1.0
(CI)

active salt removal is

>0.10 > 1.0 advised

Table 6 Treshold values for nitrate anions from ONORM 3355-1. [21]
water content

anion w [%] [g'kg'] Solution
<0.05 <05 without risk
nitrates 0.05-0.15 0.5-1.5 individual evaluation
(NO3%) - - necessary
’ s 0.15 515 active salt removal is
. ' advised
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Table 7 Treshold values for sul

phate anions from ONORM 3355-1. [21]

water
anion content [g'ke™] solution

w [%]

<0.10 <1.0 without risk

sulphates| 0.10-025 | 1.0-25 |!dividualevaluation

(SO.%) necessary

S 0.5 595 active salt removal is

) ) advised
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3 ELECTROKINETICS

Electrokinetics may be also called electrokinetic remediation. These methods
offer a high efficiency in the decontamination of the fine pores soil. When an
electric field is applied across the porous material, the movement of ions in a
solution starts. Minimally two electrodes are needed for such ion transport (see
Fig. 10). Due to thus obtained electrokinetic process, radio-nuclides, heavy
metals and other organic compounds or their mixed inorganic matters can be
removed from the different porous matters. The method for the remediation of
the soil was described in the previous studies [22] [23] [24] [25].

Electrokinetic processes consist of two main parts: electromigration and
electro-osmosis. The following chapters are related to the use of the

electrokinetic phenomena in the porous building materials.

Fig. 10 Scheme of migration of ions towards the electrodes of the opposite polarity
under an influence of electric field.

3.1 Electromigration

The transport of the dissolved salts is connected with the movement of the
moisture. When an electric field is applied to a moist porous material the electric
field is carried by ions in the pore solution. This process is called
electromigration. Electric current is carried by electrons in the metallic
electrodes. Processes, which transform electric current carried by electrons to

the current carried by ions and vice-versa, are called ‘“electrode processes”.
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These processes are dependent on the material of the electrodes, the applied
potential and on the type of the electrolyte solution. Oxidation and reduction
processes will occur at the anode and cathode, respectively. In addition to these
processes, around the electrodes, where the dried place is, the ions can
precipitate. Electromigration was described in the previous study [26] by the

following equation:

D, = k;‘];TL ln(cio] 3.1)
where  Kp..ooooeee the Boltzmann constant [1.3807-:10% J-K"]

f R the temperature [K]

Uerroreeeeenens the ionic mobility [m*s™-V™']

| the Avogadro constant [6.022- 10%mol™]

| S the Faraday constant [96485 C-mol ]

Zeeooveeeeenanns the unit charge

Electromigration in the bricks was further described in the study [17].

3.2 The problems during the electromigration

When an electric field is applied into the brickwork the transport of the
current by ions may be interrupted from the different reasons. One of the reasons
might be the stray current effects. There are many building which have some
metallic parts in the walls. These parts may be responsible for those
interruptions. Therefore some forms of the protections are necessary. The
following solutions are given:

The cathodic protection:

e The connection with the metal which has in the environment
spontaneously more negative potential than the protecting potential of the
metal which is aimed—the anode is given up;

e The connection of the protective metal with the negative pole of the direct

current—the outer direct current supply;
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Others:
e The changes of the metallic parts for resin-anchoress;

e Electrical isolation around discontinuous metallic parts;

3.3 The migration of the ions and their velocity under an
applied electric field

The velocity of ion migration varies in different materials. Generally, if the
ion concentration is the same, the ion with the highest velocity is transported
firstly. From the experiments with the porous bricks the following velocities
were calculated:

Table 8 Mobility for the relevant anions [u/10®-m*s"-V']. [27] [28]
OH CI | 'LNOs | 158045 | 1hCOs*

Mobility of

. 20.64 7.91 5.49 4.15 3.73
ions

Table 9 Mobility for the relevant cations [u/10%-m*s™-V"']. [27] [28]
H* K* Na* | '5Cay* | "oMg," | 'Fey | YsFest

Mobility of

. 36.23 7.62 5.19 3.09 275 2.74 2.39
ions

Migration of ions is related to the one valence electron which is transported
between the electrodes. If the ions are dissolved in the electrolyte the order of
the electromigration is following:

Anions:

OH > CI' > '/,NO; > '/,80,” > '/,CO>

Cations:

H*> K" > Na*"> ',Ca," > '/,Mg," > Fe," > '/;Fe;"

Nevertheless, the velocity of anions is limited by the velocity of the fastest
cation because the neutrality has to be maintained. In the previous research, it
was found out that the velocity for Na* was lower in a NaCl solution than in a
Na,SO, due to the different velocities of CI" and SO, [17]
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3.4 Electro-osmosis

After the application of the voltage into a fine-grained or porous material,
ions which are in the solution (electrolyte) start to move by the electrical
migration and this migration induces movement of the water in the direction to
the positive or negative electrode in relation to the whole charge of the interface
of a fine-grained or a porous material. In the case of the bricks, the internal
surface has a negative charge. The internal surfaces will be polarized with the
charges of the opposite polarity and then the chemical equilibrium will be
maintained (see Fig. 11). Ions with the same charge as the charge of the internal
surface are called co-ions. Opposite ions are called counter-ions. From this
equilibrium double electric layer is created. Co-ions are presented much less in
this double layer than the counter-ions. Application of the voltage causes the
movement of the counter ions and co-ions towards the electrodes with the
opposite signs. Because counter-ions are dominant against the co-ions inside the
double electric layer, the water molecules around the counter-ions are dragged to

the cathode electrode together with the counter-ions [29].

Fig. 11 The scheme of the internal surface of a porous material (brick). 1 — the internal
surface (negative charge in the case of the porous bricks); 2 — the solution (positive
ions — counter-ions ) and (negative ions — co-ions), hatch — a solution (electrolyte).

The water movement towards the cathode was seen in most of the porous
materials. The following theory from Helmholz and Smoluchowski describes the

velocity of the water movement as:
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0 AE
U:O-;'E (3.2)

where  Guoveevennnen. the surface current density [C'm™]
O, the thickness of the electric double layer [m]
{1 S the viscosity [kg'm™s™']
AE/AL......... the size of the applied electric field per area [17]

The surface current density depends on the used material. In the experiments
with the bricks the surface current density varied between bricks of the different
colours [17]. The thickness of the double layer is dependent on the ionic
concentration in the electrolyte. The increase in the electrolyte concentration
results in the decrease in thickness of the double layer. The viscosity is

connected to the compound of an electrolyte in the pores.

3.5 Electrode processes

The current transported by electrons is changed to the current carried by ions
in the pore solution (electrolyte). The chemical processes occur at the electrodes.
If the inert electrodes are used in the experiment and the low concentration of
ions is obtained in the solution (electrolyte) the following primary reactions
occur:

Cathode (electrolysis)

(1) 2H,0+2¢ —2O0OH + H, (gas)
Anode (electrolysis)

(2) 20H—->H,0+Y%0,(gas)+2¢
(3) H,O =2 H+% 0, (gas) +2 €
Chloride oxidation

4) 2 ClI' = (I, (gas) + 2¢e

Reactions (1) and (3) influence the changes of pH. In the case of the inert
electrodes covered with the platinum (laboratory experiments in the presented
work) reactions (2) and (3) will prevail at the anode. The creation of H ions at

the anode (3) results in the acidification contrary to the reaction at the cathode
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(1) where the OH ions are created. The base front is thus developed. The
amount of the acid and base fronts is dependent on the duration and the total
current passed through the set up. If the used electrodes are non-inert and there
is a presence of chlorides other reactions may occur. That may result in the
changes of the colour around the electrodes together with the corrosion. There
may be created plenty of other reactions in the vicinity of the electrodes. The

examples of reactions which may occur:

Cl = ',Cl+ ¢ Me — ne + Me™"
[17]

3.6 The changes of the matrix

The pH of the material or structures changes during the lifetime. The
development of H* ions from the electrode processes results in the gradual
decreases in pH. Generally, the acidification is unwanted in the structures
because it causes the deterioration. Therefore it is necessary to hinder this
acidification of the brickwork and the structures during the treatment
(dewatering and desalination). Thus the setup for any treatment should have the
possibility to control the pH during the duration of the treatment. The
electrokinetics allows this possibility of the controlled pH. [17]

3.7 The dependence on the material

The transport of the ions in a porous material is dependent on the factors such
as the distribution of the pores, their structure and site. The degrees of the
saturation and the concentration of ions in an electrolyte are also important. The
factor of the traditional diffusion in the liquid was found out 10> higher than in a
saturated brick. The ion transport that is in a porous material under steady-state
conditions is called effective diffusion (D). It is suggested that there is a link
between the traditional diffusion (D,) that is actual in a free solution and the
second kind of diffusion called effective diffusion (D.g) that is in a porous

material.
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£
Deﬁ =p?Do (3-3)

where  poccceeennneee. the porosity of a material [%]
Teeeeeereeeeeeees the tortuosity factor [ - ]
Crrerrrriieneeeees the constrictivity [ - |
| Y the effective diffusion [m*'s]
| YO the traditional diffusion [m*s™] [17]

3.8 The change of the conditions during the experiments

There are many conditions which may influence the efficiency in the
laboratory scale experiments aimed at the migration of the ions. One of the most
important is the applied current strength. The strength of the applied current was
optimized for the highest removal efficiency of the heavy metals from the fly
ashes. The laboratory optimization is dependent on the type of the material or
the mixture and the aim of the treatment. Such increase in the constant current
strength results in the increase of the voltage based on the Ohm’s law (U = R-I).
This increase seems to be a limiting factor for the removal of the salts or any
ions due to the electromigration. The problematic with the high resistance is

discussed in the dissertation (read the experimental part). [17]
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4 OSMOTIC METHODS - THE USE IN PRACTICE

During the moisture flow through the capillary, the double electric layer is
created on the interface between the capillary and the liquid. For the sanitation
practice, the positive zeta potential and the positive particles close to the surface
of the capillary are important. If the direct current is applied into the layer the
positive charges start to move together with the water molecules towards the
cathode. The drying methods based on the electroosmotic principle are
technically suitable for every type of the material and constructions with the

porous structure in which the water movement occurs due to the capillary forces.

4.1 The passive electro-osmosis

The setup of the electrodes consists of the electrodes built in the moist
brickwork and the electrodes underground. The electrodes in the brickwork and
in the soil are from the same material (copper, steel) and these are connected in a
short distance. The electric field during the passive electro-osmosis is created
between the steel electrodes put in the mortar bed (pH = 12-14) and the steel
grounding electrodes in the soil with the pH around 6. The created voltage is
small (0.2-0.5 V) and takes place until the point in which the mortar around the
electrodes in the wall gets carbonized. The durability of the setup is between 1-3
years. Moreover the installation is sensitive to other induced voltage which may

change the polarity of the electrodes and thus the moisture gets higher amount.

[4]

4.2 Galvano-osmosis

The galvano-osmosis differs from the passive electro-osmosis in the
electrodes that are made from the materials with the different conductivity.
These two materials and the moisture in the brickwork create the voltage supply
resulting in the desirable electroosmotic water transport. The intensity of the
electric current is very low, the electrodes undergo corrosion, the interaction is
caused by the stray currents and induced voltage from the traction. That results
in the shorter durability. [4]
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4.3 Use of the passive electro-osmosis and galvano-osmosis

The passive electro-osmosis and the galvano-osmosis are not suitable
methods especially due to the short durability and therefore these methods are

not used at the present time any more. [4]

4.4 The active electro-osmosis

The problems of the passive electro-osmosis are solved with the active
electro-osmosis (AEQO). At the active electro-osmosis, an electric field from the
power supply forces directly against the capillary water. The electric field in the
brickwork is created with the gradient which cannot be interrupted with the
induced voltage from the surrounding.

At the setup of AEO, the electrodes built in the brickwork are connected to
the positive pole of the power supply and the negative pole to the grounding
electrodes. The positive electrodes are electrochemically influenced and their
operating life depends on the anodic dissolution of the material from which the
electrodes are made. At the present time, the use of the electrodes made from the
modified carbon are the most common.

The electrodes in the brickwork are set up mostly as the strips conductors
either on the one or both sides. These conductors are called strips electrodes and
may have a different width. These electrodes may be set up also in the form of
the conductive paints or the plastic conductive strips (both with the admixed
carbon). Other types of the electrodes have stick or bow shapes. These are put in

the holes in the brickwork drilled before. The solutions are shown in the Fig. 12.

[4]
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Fig. 12 The variation of the electrodes in the brickwork. a) stripe electrodes, b) stick

electrodes, c) bow electrodes. [4]
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S DRYING AND DESALINATION OF THE MATTERS
UNDER AN APPLIED ELECTRIC FIELD

5.1 The wuse of electrokinetics for the drying and the
desalination of the matters

At the present time, the electrokinetics is used as the advanced option for the
dewatering and the desalination of the building constructions. That technique in
the field of the civil engineering was tested for the dewatering and desalination
of many buildings materials. It is necessary to do an initial exploration of the
construction of the interest. If some metallic parts are found out in the
construction it is necessary to protect this parts (read chapter 3.2) otherwise the

technique may not be efficient enough.

5.2 Poulticing

This term "poulticing” has origin in medicine, where poultices such as
different mixtures were placed on the body in order to reduce pneumonia or to

reduce pain.

5.2.1 Classic poulticing

At the present time, the use of the poultices is the most common method for
the desalination of a brickwork. For the purposes of desalination, poultices are
applied on the outer side of the brickwork. The consistency of the poultices may
be different such as mixture of cellulose, clay etc. The desalination is obtained
by (i) diffusion of salts into the poultices in consequence of different
concentrations and/or by (i1) advection in consequence of evaporation of vapour
from the poultice into the surrounding and by the following capillary transport
of salts from the object into the poultice. The desalination by diffusion is a very
long process, which may take weeks, months to obtain the desired level of
desalination. Advection is relatively a quick process of desalination contrary to
diffusion. The desired desalination can be obtained in few days. Nevertheless,

this process is limited with the size of pores of poultice and the substrate. The
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efficient desalination by advection is obtained when the poultices contain many
more pores of smaller size than the pores of substrate. Therefore this limitation
for the desalination by advection is only for desalination of materials with big
pores such as bricks, whereas advection is not efficient for the desalination of
materials with relatively small pores such as concrete and mortars.

During the drying, the size of the pores in poultices varies in relation with the
changes of a mass water content. The size of the pores diminishes in volume.
Therefore it is difficult to adapt the size of pores for the highest efficiency of
desalination. The other limitation for desalination using poultices may be the
depth of building material in which the material should be desalinated. In the
case of bricks, the depth where the desalination is efficient is about 20 mm from
the surface. Moreover the use of poultices is difficult because the poultice has to
be applied on the whole surface of a wall which is supposed to be desalinated.
For the desalination by diffusion, it is necessary to change the poultices to keep

the concentration gradient. Thus the salts can move into the poultice. [30]

W\

Fig. 13 Application of poulte on the brickwork. [30]
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5.2.2 Electrokinetics

The previous limitations are solved with the electrokinetic methods based on
migration of ions (see Fig. 10). This method is currently the most used. Many
electrokinetic experiments have been focused on the removal of chlorides from
the concrete so far.

Electrokinetic methods have few advantages contrary to the classic
application of poultices such as (i) the electrokinetic methods can be used for
desalination of many materials regardless the size of the pores and their
distribution, (i1) the electric field applied into the electrodes has better influence
into the higher deep of the material, (ii1) this technique can be used regardless
the temperature and humid conditions, (iv) only few sets of electrodes can be
used for the desalination contrary to the classic poultices where the whole wall
has to be covered. [30]

5.2.3 The use of electrokinetics for the drying of bricks and brickwork

There have been many works so far which are aimed at the drying of the
bricks by electro-osmosis. Firstly, the experiments were successfully tested in
the laboratories where the decreases in the water contents were obtained. The
pilot tests followed. At the pilot scale tests, it was possible to decrease the water
contents in the walls and in the basement of a semi-detached house. The
dewatering due to electro-osmosis is a long established method and is used
mostly in Germany, Denmark, Austria. The technique was tested even in
Czechoslovakia where the method called PU 10 based on electro-osmosis was

developed.

5.2.4 The characteristic of the dried and desalinated materials

Generally, it is possible to say that the electrokinetics which uses an applied
electric field is influenced by many factors such as the internal structure of a
material (density), by the amount of the water in the pores and the ion
concentration in an electrolyte. The drying and desalination under an applied
field was successfully tested on different materials such as:
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e wooden parts of the constructions;
¢ the ceramic materials with the filled structure—bricks of different types;
¢ the bricks together with a mortar;
¢ the sandstones;
¢ the limestones;
¢ the ceramic tiles and the different types of paints;
® concretes;
The examples for the use of electrokinetics in the field of civil engineering are

shown in the following table:

Table 10 An overview where the electrokinetics is used in the civil engineering. [31]

Areas of electrokinetic The description of the treatment

application
Salt removal from The chloride ions are removed from the
concrete concrete under an applied DC field.
The alkalinity which is important in concrete
The re-alkalization of the science may be established during
concrete elektromigration due to the electrode

processes.
The special compounds of CaCOj3 and
Mg(OH); may be filled into the cracks by the

The closure of the crack in
the concrete

electromigration.
Application of the The degradation of concrete may be slowed
different inhibitors against | down significantly due to the inhibitors such
corrosion in the concrete as amino compounds.

The special compounds of boron may cover
and prevent degradation of the wooden
constructions.

The concentration of the salts in the bricks
may be decreased up to very low
concentrations after the treatment.

The cover as impregnation
on the wooden structures

The salt removal from the
brickwork

Electrokinetics is used not only for the dewatering and the desalination of the
materials but also in other fields. The examples for the use in the field of the

environmental engineering are shown in the following table:
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Table 11 An overview where the electrokinetics is used in the environmental
engineering. [31]

Areas of electrokinetic The description of the treatment

application
Removal of the different | The electrokinetics offers the environmental
heavy metals from the friendly removal of heavy metals in
soil, sludge, fly ashes and | connection with the pollutants from soils with
sediments. the different grains.
Remediation of the The effective removal of the pollutants from
groundwater the water with the use of a passive membrane.
Removal of the organic The organic element as phenol may be
contaminants from the soil removed due to the electromigration.

The salts which may cause the degradation of

The salt removal from the soils and lands may be removed due to the

soil. L
electromigration.
Removal of the The power plant or concrete in general may
radioactive elements from | be contaminated with some types of radio-
the concrete structures. nuclides that may be removed.

The experimental drying and desalination under an applied electric field in the
presented dissertation was carried out on:
¢ the simple bricks of Danish format which were tap water saturated;
e the simple bricks of Danish format saturated with the sodium chloride
solution;
¢ the sandstones from a warehouse;
¢ the pilot test was carried out on a brick wall of a stable;
The additional descriptions of the used materials are in the experimental part
of the thesis.

5.3 Summary of the basic knowledge about the electrokinetics

It is possible to say that the drying and the desalination due to the influence of
an electric field is efficient and quick. The advantages and disadvantages are

described in more details in the following chapter:
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5.3.1 The advantages and disadvantages of electrokinetics for the

drying and the desalination

Among the basic advantages of electrokinetics belong:

The method is non-destructive;

It is possible to dry out only local areas which are more water saturated or
salt contaminated and need to be treated. The drying of the specific places
is not possible with other dehumidifiers;

The technique does not have negative influences on people or any other
organisms;

The drying with electrokinetic technique is easy for the service;

To dry out the area of interest together with the salt removal;

Among the basic disadvantages of electrokinetics belong:

If a wall contains a lot of space (air room) between the brick and the
mortar, the current flow cannot get through the whole material or a wall
and stops in this place. Thus the water movement with the movement of
the salts is limited;

In the case of the desalination, it is necessary to put the samples to the
laboratory for the analysis by chemists;

The efficiency for the water removal is not as high as at the other
dehumidifiers. There has been still much research left for upgrades of the
setup units;

The existing metallic parts in the wall have to be covered or the current
interactions may occur;

Higher energy costs;

Too high density of current applied can create cracks in the material;
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6 SPECIFICATION AND THE GOALS OF THE
DISSERTATION

The dissertation deals with the extension of both theoretical and practical
knowledge with the use of the electrokinetics in the field of civil engineering.
The dissertation is focused on the sanitation of the building materials such as
bricks, sandstones in relation to the moisture and the concentration of the most
common salts. The issues of the moisture and the salts are wide enough and

contain much knowledge from the fields as chemistry and physics.

6.1 The specification of the issue

The dampness and a high concentration of different types of salts in the
basement is the problem especially at the older buildings where the precautions
such as the waterproofing membranes against the water are completely missing
or badly done.

The dissertation interconnects issues of the moisture and the salts. The
theoretical part of dissertation (chapter 1-5), describes the problematic of the
moisture, salts, electrokinetics and their relations to the building matters.

The important parts of the fundamental knowledge are the initial conditions
which are different in the laboratory and on the building site. The amount of the
water and the distribution of the salts in some laboratory experiments are
supposed to be uniform contrary to the water contents and distribution of salts in
the pilot tests. Thus it is difficult to evoke the similar conditions in the
laboratories as the initial conditions on the building sites are. In the experimental
part of the dissertation, the electrokinetic methods for the dewatering and
desalination are tested with the materials such as bricks and sandstones.

The dissertation is focused on the experimental findings from the laboratory
experiments and pilot tests. These findings are connected with the overall
distribution of the moisture, pH and salt concentration in the tested materials.
The pilot test is focused on the verification of the obtained results from the

laboratory experiments. Many experimental works have been running so far and
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many problems have been still unsolved. The results in the dissertation are

unique and therefore it is difficult to verify them.

6.2 The goals of the dissertation

The main goals are in the complex experimental and the theoretical analysis
of the dewatering and the desalination of the porous materials such as bricks,
sandstones under the laboratory conditions and of the brickwork in the pilot test
under an applied electric field. The final recommendations are based on these

findings and analysis both from the laboratory and the pilot test.

6.2.1 The optimization of the closed laboratory setup for the dewatering
of the tap water saturated bricks due to electro-osmosis using the

different types of clay poultices

¢ To demonstrate electroosmotic flow and to find out which combination of
the clay poultices is the most suitable and has the highest efficiency in
relation to the dewatering of the bricks which were tap water saturated.

¢ To find out the overall changes of pH in the closed laboratory setup.

6.2.2 Desalination of the sandstones under the laboratory conditions

using one type of clay poultice

e To desalinate the sandstones under an applied electric field to levels
meeting the safety limits where no damaging risk is expected.

e To find out an overall charge, the efficiency of the desalination as the
removal of mass and removal rate of chlorides, nitrates and sulphates.

e To verify whether electro-osmosis takes place in the closed laboratory
setup and how much.

e To find out whether the placement of the sandstones (original outer
surface) in relation to the electrodes has any significant influence on the
efficiency of the desalination.

e To verify the suitability of the mixture used as the clay poultices in

relation to pH changes.
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6.2.3 The optimization of the closed laboratory setup for the
desalination of the bricks saturated with sodium chloride solution

using the different types of clay poultices

e To find out which combination of the clay poultices has the highest
efficiency in decreases of the chloride concentration.

e To find out which combination has the highest decreases in the water
contents inside the bricks at the end of the experiments.

e To find out the overall changes of pH in the closed laboratory setup.

6.2.4 Desalination of a brickwork in the pilot test

e To find out the efficiency of the desalination as the removal of mass and
removal rate of chlorides, nitrates and sulphates when the specific
constant current is applied.

e To use the obtained experience from the test for the recommendations

how to desalinate the brickwork with the highest efficiency.

6.2.5 Desalination of the sandstone wall in the pilot scale test on the

basis of laboratory results

e To give recommendations for the high efficiency of desalination of the

sandstone wall, on the basis of results from the laboratory experiments.
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7 THE METHODS USED IN THE DISSERTATION

In the dissertation, few basic methods were used for data analysis. The
dissertation is based on the analogy method. This methodology helps for the
exploring of the new findings. The analogy is based on already published

scientific studies and on obtained results from the present experiments.
7.1 Theoretical methods

7.1.1 The study of literature and the consultation with experts

Theoretical knowledge was obtained mainly from the literature abroad,
internet and from the cooperation with Denmark Technical University in
Lyngby (DTU), Denmark. The theoretical knowledge and findings were
discussed with the experts for the dewatering and the desalination at DTU in

Lyngby, Denmark.
7.2 Experimental methods

7.2.1 Laboratory methods

Every laboratory experiment was conducted at Denmark Technical University
in Lyngby in the cooperation with the department of the materials. With the use
of abstraction method, the real constructions were replaced with the simplified
models such as simple bricks and sandstones. In these models, the simplified
conditions were evoke mainly because of easier implementation for the
dewatering and the desalination.

The following materials were used as simplified models:

e the yellow bricks of Danish format 22.8 - 10.8 - 5.4 cm,

e Obernkirchen sandstones with the different levels of the salt
concentrations and porosity (16-21 %) and the dimensions approximately
5010 -7 cm,

In the laboratory experiments the following data were collected and

calculated:
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e The water contents at the beginning and at the end of the experiments —
the gravimetric method,

e The changes of pH at the beginning and at the end of the experiments —
pH meter,

e The changes of the voltage during the duration of the experiments,

¢ The initial and the final concentration of chlorides — titration,

e The initial and the final concentration of the salt anions (chlorides,

nitrates, sulphates) — the ion chromatography,

7.2.2 Methods used in the pilot test

The dewatering and desalination of a real wall when an electric field was
applied was also conducted. Firstly, the initial examination of the water contents
and concentrations of salts from the samples taken from the wall of interest was
done. On the basis of the evaluation of the initial water contents, concentration
of salts and the historic facts, it was found out which salts damaged the wall and
the plaster mostly. After the application of the clay poultices on the part of the
wall, which was the aim of the desalination treatment, electric field was applied
into these clay poultices.

In the pilot experiment the following data were collected and calculated:

e The initial and the final water contents from the samples — the gravimetric
method,

e The voltage during the duration of the pilot test,

e The initial and the final concentration of salt anions (chlorides, nitrates,

sulphates) — the ion chromatography,

7.2.3 The used equipments

Digital weight Sartorius CP3202S;
Membran — Vakuumpumpe ME;
PHM?220 Lab pH meter;

716 DMS Titrino 727 Ti Stand;

The mechanical mortar and the oven;
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¢ Jon chromatography device;
e DC power supply Hewlett Packard E3612A;

7.3 The comparative method

The comparative method was used both for the experiments in the laboratory
and in the pilot test. The results from the laboratory experiments were compared
with each other. The results from the present pilot test were compared with the

results from the previous pilot tests to get the final conclusions.
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8 EXPERIMENTAL DRYING AND DESALINATION
UNDER AN APPLIED ELECTRIC FIELD

8.1 EXPERIMENT 1 - To find out the combination of the clay
poultices which is the most efficient for the dewatering of
the tap water saturated bricks due to electro-osmosis under
an applied electric field

8.1.1 Introduction

The electro-osmosis may be influenced significantly by the composition of
the clay poultices together with the changes of pH during the electroosmotic
flow. Therefore the following findings in the laboratory experiments might
contribute to the improvement of the dewatering under an applied electric field.

The experiment tightly follows the previous study [32].

8.1.2 The goals of the experiment 1

The experiment 1 focuses on:
® (1) to demonstrate the electroosmotic flow in the closed laboratory setup
with the combination of two types of the clay poultices,
® (2) to find out which combination of the clay poultices is the most suitable
and has the highest efficiency in relation to the dewatering of the bricks
which were tap water saturated,
e (3) to find out which combination of the clay poultices creates the least

amount of OH" ions inside the bricks and inside the clay poultices,

8.1.3 The experimental section

The bricks used for the laboratory experiments were taken from
Wienerberger’s brickfield. Danish yellow bricks of dimensions 22.8 - 10.8 -+ 5.4
cm were used in every laboratory experiment (see Fig. 14). The porosity of these
yellow bricks was about 28.0 % (given from a factory). Every experiment was
conducted with 2 halves of the brick. In the laboratory experiments, two types of

the clay poultices were used (see Fig. 14).
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¢ a mixture of (calcite, distilled water or tap water and kaolin) — the tap
water contains a lot of free ions and therefore these free ions could
influence the conductivity of the clay poultice. The conductivity of the tap
water was measured between 0.7-0.8 mS-cm';

e the brick clay — it contains approximately 17.0-18.0 % carbonates (data

from Wienerberger’s brickfield);

Fig. 14 The used yellow bricks, the clay poultices — the mixture (white), the brick clay
(brown); [33]

8.1.4 Materials for experiments

the yellow Danish bricks;

the rubber stoppers, the rubber tape band;

an adhesive tape;

the plastic lids, vials, cylinders and a plastic film;

the electrode platinum covered from Permascand;

8.1.5 Analytical

In the present experiment 1, the water soluble fraction in the distilled water is
relevant for the measurements. Before analysis, the halves of bricks were
segmented to 4 pieces and the clay poultices were segmented to 4 slices on the
both sides (see Fig. 16). Inside these slices the water contents and pH were
measured. The water content was found by the weigh and dry method (drying
for 24 hours at 105 °C) and calculated as (water/dry mass) - 100 %. The dried
samples of the clay poultices were powdered in a mortar by hand and the bricks

in a mechanical mortar. The fine powder was suspended — 10 g of powder in 25
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ml of the distilled water in the plastic vials, which were placed on an agitating
table for 24 hours. After this pH (PHM 220 Lab pH Meter) was measured with

electrodes directly in the suspensions.

8.1.6 The experimental setup

At the beginning of the experiments, the whole brick was put into the oven to
dry up over the night. The next day, the whole dried brick was segmented with a
hammer and a chisel by hand to 2 similar halves. These dried halves were
weighed and then submerged into the tap water to evoke similar conditions,
which are on the building site because the water which can get inside the walls
is not clear like distilled water which does not contain any minerals. After 2
hours of submersion the two halves were weighed again. Every experiment was
conducted with 2 such water saturated halves of the brick (see Fig. 17).

Plastic cylinders; 5 cm long and with an internal diameter of 10 cm were used
as the electrode compartment. The cylinders had open bottoms which were
closed with the plastic lids. Each cylinder had 2 holes (diameter 1 cm). These
holes were closed with the rubber stoppers. On the edge of the cylinders facing
the brick the rubber tape band was placed for better contact with the brick. So
prepared cylinders were filled with the mixture or brick clay up to the edges of
the rubber tape band. The halves of the bricks were placed between the
cylinders.

Then the grabs were used to press the setup together. One stopper was put out
of the cylinder on each side to the mixture or the brick clay could go out from
the cylinder during tightening the grab. After this procedure the electrodes were
placed with the stoppers in the outer holes. The electrodes reached 7 cm into the
electrode compartment. Every half of brick was wrapped with a plastic film to
minimize the evaporation from the setup during the duration of the experiment.
Finally, a constant voltage was applied to the electrodes by a DC power supply
(Hewlett Packard E3612A). The laboratory setup is shown in Fig. 15.
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Fig. 15 The closed laboratory setup of the electrodes connected to the power supply.
L1 — the clay poultice; L2 — a half of the brick; [33]

8.1.7 The experimental series

Overall eleven electrokinetic experiments were conducted. Every experiment
was done with two halves of the brick. The experiments are outlined in the
Table 12 by the experimental conditions. The experiments had different duration
and an applied constant voltage was between (30.1-30.4 V). The changes in the
current were monitored within the day from 9 a.m. till 5 p.m. an every hour

during the duration of the experiments.
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Table 12 The experimental initial conditions for the experiments — type of the
poultice, the duration, the initial current, the initial constant voltage, the weight of
dried halves of the bricks, the initial water contents of halves of bricks. DW — distilled

water; TW — the tap water; BR.1 — half 1; BR.2 — half 2; KAOL. — kaolin; [33]

fup.| Poultice | Poultice | Duration | Current | Valt. | 05" (U
bricks [g] [%]

| |SaEOs | (CaCOs I BRI=72 | 120, |302:| 13815 | 137
KAOL. |KAOL.) BR.2=49 9.0 30.1 853.9 13.7
W INT fease) n e] e |
KAOL.) |KAOL. ! : : : :

3 BRICK |BRICK BR.1=142| 21.0; |304;| 1113.2; 15.4;
CLAY |CLAY BR2=142] 230 |304 | 10906 13.8
TS i R W W
KAOL.) : : : : .
Al e
KAOL.) : ’ : : :

o ETINT mae aE
KAOL.) |KAOL. ! : : : :

) [ iz B e |
KAOL.) |KAOL. ' : : : :
T R ny ) |
KAOL.) |KAOL. ' : : : :

9 BRICK |BRICK BR.1=204| 20.0; |30.3;| 1221.9; 13.9;
CLAY CLAY BR.2=204| 200 | 303 978.1 14.7

o v TGS BTN B ) |
KAOL.) : : : : .
e e AR R R e |
KAOL.) : : : . ,
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Fig. 16 The segmented parts, where the water contents and p were measured.
L1 — the clay poultice, L2 — half of the brick;

8.1.8 Results and discussion

In the experiments, the changes in the water contents and pH were measured.
Because there were many samples in the closed laboratory setup the average
values were calculated together with their standard deviations. The average
percentage decreases or increases of these values were related to the average
values.

The reference bricks

It must be taken into account that the differences in the initial water contents
inside the halves of the bricks were measured even when the bricks were taken
from the same batch. In the experiments, the initial water contents of the bricks
were measured between the numerical values (13.7-17.2 %; see Table 12).
Table 13 shows the changes in the water contents in the small additional
experiment in which two halves of the brick were submerged into the tap water
for few days. The deviations in the water contents were measured. In general,
the longer submersion of the two halves was, the less deviation in the water
content between the two halves was.

When the initial values of pH were measured the deviations were also seen.
The reference pH for the bricks was calculated from five brick samples which
were taken from five various yellow Danish bricks. The average numerical value
and the standard deviation of pH was then calculated (10.5%0.03). This
numerical value of pH was taken as reference pH for the bricks in the

experiments.
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Fig. 17 The halves of the brick submerged in the tap water for two hours.

Table 13 The changes in the water contents inside the two halves of the brick - the
initial weight of the dried halves, the water contents during the submersion and the
differences in the water contents between the two halves in relation to the time; [33]

Half1 | Water | Half2 | Water | Pilference

Date | Time | during | content 1 | during | content 2 in the water
content
[g] [%] [g] [%] (%]

10:00 | 1182.25 ;;‘;ftai 1000.69

11:00| 138852 [ 1745 [ 117241 17.16 0.29
8.12. 15:00] 138925 | 1751 | 117257 | 17.18 0.33
13:00] 1389.90 | 17.56 | 1174.15| 1733 0.23
15:00| 1390.83 | 17.64 | 1174.86 | 17.40 0.24
9.12. | 9:00 | 139293 | 17.82 [1176.65| 17.58 0.24
11.12. [ 14:30| 1398.85 | 18.32 | 1182.05| 18.12 0.20
112, |10:00] 1400.54 | 1846 [ 118579 | 1830 0.17
14:00| 1400.66 | 1847 | 1183.98| 1832 0.16
9:00 | 1401.78 | 1857 | 118501 [ 18.42 0.15
13.12.[11:00| 118225 | 18.58 | 118525 18.44 0.14
13:00] 138852 | 18.59 | 118535] 1845 0.14
ta1z | 200 [ 138925 [ 1873 [1186.70 | 18.59 0.14
13:00] 138990 | 1883 |[1187.76] 18.69 0.13
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Electro-osmosis inside the bricks and the clay poultices

In every experiment the water transport was clearly seen since the clay
poultices at the anode side had lower water contents than the poultices at the
cathode side in every experiment (see Table 14) and moreover water (about 10-
15 ml) was also seen under the clay poultices on the underlay at the cathode side
but never under the anode side.

The pattern of the water contents inside the halves of the bricks were unclear
in the experiments 1-6. The decreases in the water contents inside the bricks
were expected higher inside the anode halves of bricks since the water
movement was towards the cathode. The overall changes in the water contents
in the experiments 1-6 are shown in Fig. 18 and Fig. 19. Possibly, the main
reason for the unclear patters and non-successful decreases in the water contents
inside the bricks in the experiments 1-6 was in the short duration. Therefore the
experiments were repeated with the longer duration.

After the repetition of the experiments with the longer duration, the average
decreases of the water contents inside the bricks were only in the repeated
experiments 9, 10 and 11. The combinations where the mixture as the clay
poultice was used on the both sides showed the increases or unexpected pattern
even with the longer duration of the experiments. The overall changes in the
water contents in the bricks and in the clay poultices are shown in the Fig. 20,
Fig. 21 and in Table 14.
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Electro-osmosis inside the bricks — the experiments with the shorter

duration
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Fig. 18 The changes in the water contents inside the halves of the bricks at the of
experiments 1, 2 and 3. BR.1 — half 1; BR.2 — half 2; [33]
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Fig. 19 The changes in the water contents inside the halves of the bricks at the end of
experiments 4, 5 and 6. BR.1 — half 1; BR.2 — half; [33]
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Electro-osmosis inside the bricks — experiments with longer duration
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Fig. 20 The changes in the water contents inside the halves of the bricks at the end of
experiments 7, 8 and 9. BR.1 — half 1; BR.2 — half 2; [33]
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Fig. 21 The changes in the water contents inside the halves of the bricks at the end of
experiments 10, 11. BR.1 — half 1;BR.2 — half 2; [33]
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Table 14 The type of the used poultices, the initial water contents of the poultices, the
final water contents inside the anode and cathode poultices at the end of the
experiments. DW — the distilled water; TW — the tap water; KAOL. — kaolin; [33]

Poultice tvpe Initial water Poultice Poultice
YP® | contents[%] | ANODE[%] | CATHODE [%]
Brick clay 21.0-24.9 14.6-19.0 17.121.3
mixture (CaCOs3
+KAOL. +DW) | 42940 32.6-36.7 35.2-40.0
mixture (CaCOs3
+KAOL. + TW) | 423463 33.1-35.7 35.9-39.0

The changes in pH inside the bricks

Before the experiment started it was expected that the pH in the bricks would
be lower close to the anode poultice because of the electrode reaction from
which H" ions are created contrary to the cathode where the electrode reaction
creates OH ions. In the experiments 1-5 with the shorter duration that expected
pattern was not clear (see Fig. 22). In the experiments 611 where the duration
was longer the expected pattern was obtained in more cases (see Fig. 23 and Fig.
24).

pH changes in the anode clay poultice (see Table 15)

The highest average percentage decreases in pH were measured in the
experiment 10. The least average percentage increases in pH at the anode side of
the clay poultices were measured in the experiment 3 only about (1.9-1.6 %)

contrary to the initial value of pH (8.1) and see Table 16.

pH changes in the cathode clay poultice (see Table 15)

The lowest average percentage increases in pH in the cathode clay poultice at
the end of the experiments were measured in the experiment 3 (5.3-1.9 %) and
in the experiment 9 (7.4-7.8 %) contrary to the initial value of pH (8.1) and see
Table 16. Generally, increases of pH were measured higher at the cathode side

of the clay poultices than at the anode side of the clay poultices.
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Fig. 22 The changes in pH in the bricks related to the initial pH value (10.5%0.03) at
the end of experiments 1-5. BR.1 - half 1; BR.2 - half 2; [34]
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Fig. 23 The changes in pH in the bricks related to the initial pH value (10.5%0.03) at
the end of experiments 6—8. BR.1 - half 1; BR.2 - half 2; [34]
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Fig. 24 The changes in pH in the bricks related to the initial pH value (10.5£0.03) at
the end of experiments 9-11. BR.1 - half 1; BR.2 - half 2; [34]

Table 15 The initial pH inside the clay poultices. The final pH inside the anode and
cathode clay poultices at the end of the experiments. DW — the distilled water; TW —
the tap water; KAOL. — kaolin; [34]

i iti pH in the pH in the
Poultice type Initial pH anode poultice | cathode poultice
Brick clay 8.0-8.1 8.1-8.5 8.8-10.5
mixture (CaCOs3 +
KAOL. + DW) | 5088 8.1-8.3 9.0-11.0
mixture (CaCOs3 +
KAOL. +TW) 7.3-7.7 8.2-9.0 10.2-10.6
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Table 16 The percentage changes in pH in the clay poultices on the anode and cathode
sides related to the initial pH of every clay poultice at the end of the experiments. BR.1
- half 1; BR.2 - half 2; DEC. — the average percentage decrease; INC. — the average
percentage increase; [34]

ANODE CATHODE
POULTICE POULTICE
BR.1 BR.2 BR.1 BR.2
0.8 0.8 | DEC. 7.8 3.8
12.4 4.3 40.1 45.5
1.9 1.6 5.3 1.9
4.6 6.6 14.6 14.6
4.0 3.9 24.0 23.4
3.9 5.5 15.4 18.5
3.8 4.7 24.6 20.9
23.8 13.6 52.6 40.9
. .| 33 2.3 . 7.4 7.8
exp.10 |DEC.| 7.7 7.5 | DEC. 12.2 11.9
exp.11 4.2 3.5 26.9 16.5

8.1.9 The conclusion

The experiments were conducted with one type of yellow bricks which were
tap water saturated and with two types of poultices.
® (1) The demonstration of the electroosmotic flow was found out because
the decreases of the water contents were higher at the anode clay poultice
than at the cathode clay poultice in the every case (see Table 14).
Generally, the water contents in the bricks decreased in comparison with the
initial water contents only at the combination, where the brick clay as the
poultice was used at least on the one side of the closed laboratory setup within
10 days.
® (2) The combination of the poultices where the brick clay was used on the
both sides of the closed laboratory setup showed that the brick clay was
dried the least on the anode side from all experiments (see Table 14). In
addition, the same combination (experiments 3, 9) showed even the
highest decreases in the water contents inside the bricks from all
experiments from the initial water contents (15.4-14.7 %) to the final
water contents (14.5 and 12.7 %; see Fig. 18 and Fig. 20).
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This detection might have been useful especially for the pilot test since the
use of this combination could have lead to less changes of dried brick clay and it
could have saved both money for the clay and the time for the change.

® (3) The combination where the brick clay was used on the both sides
showed only the slight average increases in pH in relation to the initial
values of pH inside the bricks from the initial values (10.5 10.03) to
values (10.6—10.7; see Fig. 22 and Fig. 24).

e The lowest increase in pH was also measured at the cathode clay poultice
from the initial pH of the brick clay (8.1) to values (8.5-8.2) in the
experiments 3 and 9 (see Table 15 and Table 16).

Low increase in pH at the cathode side is expected to be useful because it is
clear that the amount of created OH’ ions is not so high and the low amount of
OH ions may have better influence on the efficiency of electro-osmosis and
desalination. In every experiment, the clay poultices buffered to decrease pH
below 7 which would mean unwanted acidification because the clay poultice
contained a high amount of carbonates.

The consistency of the mixture used as poultice seems to be inconvenient for
the electroosmotic dewatering of bricks because it contains a high water amount
and that was probably the main reason for the unsuccessful dewatering under the
laboratory conditions. Also the bad contact during the experiments as a
consequence of too much dry clay poultice at the anode side might have
influenced the efficiency of electro-osmosis negatively. The bad contact was
especially in the experiments where the mixture was used as the clay poultice.
The pressure/suction effect between the bricks and the clay poultices might have
been another reason for the unsuccessful dewatering.

In the future, that problem might be solved with the use of the meshed
electrodes on the anode side because that side was dried up more at the end of
the experiments. Also the investigation of a new mixture especially its

consistency might be a good solution how to improve the electroosmotic flow.
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8.2 EXPERIMENT 2 - Desalination of sandstones using clay

poultices with an applied electric field

8.2.1 Introduction

The present experiment 2 was conducted with the sandstones which were

removed during the renovation from a historic warehouse. The sandstones

contain chlorides, nitrates, sulphates and the work was focused on decreasing in

the concentrations of all those, as they can cause irreversible damage. The

technique of the poultices was used. The present experiment follows the

previous studies [35] [36].

8.2.2 The goals of the experiment 2

The experiment 2 focuses on:

(1) to see whether it is possible to desalinate the sandstones to levels
meeting safety limits where no damaging risk is expected,

(2) to verify whether electro-osmosis (the water movement under an
applied DC field) takes place,

(3) to find out whether the placement of the sandstones (original outer
surface) in relation to the electrodes has any influence on the efficiency of
desalination,

(4) to verify the suitability of a mixture used as a poultice in relation to the
pH changes and water contents,

(5) to find out the removal rate, removed mass for chlorides, nitrates and

sulphates when the constant current is applied,

8.2.3 The experimental section

The sandstones for the experiments

Two sandstones used in the laboratory experiments were taken from the main

entrance gate of the historic warehouse Eigtued Parkhus on Strandgade in

Copenhagen, Denmark. They were cut out from a larger stone which was

damaged by the salts. The sandstones were about 0.5 m long and 5 to 7 cm
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thick. They had gray colour (see Fig. 25 and Fig. 26). A relatively smooth
surface of the sandstones had been the original outer surface and the rough
surface had been facing towards the wall. Lighter and darker areas were clearly
seen (see Fig. 25) on the smooth surfaces of the stone 1. There were not found
any darker areas on the surface of the stone 2 (see Fig. 26). The stones contained
unknown amount of the salt concentration but it was expected that these white
and dark areas contained high concentration of salts. The two experimental
stones (1 and 2) were weighed and further segmented with a hammer and a
chisel by the hand to 4 segments each (Fig. 25 and Fig. 26). For the
segmentation of the stones sawing was not used because this would add extra
water to the stone segments which could cause unwanted redistribution of the
salts. After the segmentation, the desalination experiments were conducted with
these stone segments.

In the laboratory experiments, one type of the poultice was used:

e a mixture of (calcite, distilled water and kaolin) and (see Fig. 14);

Fig. 26 Four segments of the stone 2. The stone segment 3 was used as the reference.

90



Fig. 27 The reference stone segment 3 (on the left) from the stone 1 was used as
reference for the experiments 1, 2 and 3. The reference stone segment 3 (on the right)
from the stone 2 was used as reference for the experiments 4, 5 and 6.

8.2.4 Materials for experiments

e the sandstones (Obernkirchen Sandstones);

the rubber stoppers, the rubber tape bands;

an adhesive tape;

the plastic lids, vials, cylinders, the plastic film for wrapping;

the electrode platinum covered from Permascand;

8.2.5 The analytical

Prior to the chemical analysis of Cl’, NOj, SO42' the stone segments were
segmented to 4 pieces and the clay poultices were segmented to 4 slices on the
both sides (see Fig. 28). The reference stone segments were segmented the same
way (see Fig. 29). Inside these segments and slices the water contents were
measured. The water contents were found by the weigh and dry method (drying
for 24 hours at 105 °C) and calculated as (water/dry mass) - 100 %.

Then the extractions were made with 10 g of dried powdered sandstone
(powdered in a mechanical mortar) or 10 g of dried clay (powdered by hand)
and 25 ml distilled water. The suspension was placed on an agitating table for 24
hours. After this time, pH was measured with the electrodes directly in the
suspension by a PHM 220 Lab pH Meter. After the filtration through 0.45 pm
under vacuum, the concentration of chlorides, nitrates and sulphates was
measured in the segmented parts of the laboratory setup and reference segments

with the ion chromatography (see Fig. 28 and Fig. 29).
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Fig. 28 The laboratory closed setup (left) used in the experiments, the segmented parts
of each laboratory compartment where the water contents, pH and the concentration of
the salts were measured (right). L1 — the clay poultice, L2 — sandstone;
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Fig. 29 The reference stone segments from the stone 1 and 2. The reference stone
segment 3 (on the left) was used for the experiments 1, 2 and 3. The reference stone
segment 3 (on the right) was used for the experiments 4, 5 and 6. The numbers show

the segmented parts of the reference stones where the water contents, pH and the

concentration of salts were measured.

8.2.6 The experimental setup

The laboratory setup for the electrokinetic desalination experiments is shown
in Fig. 30. After the segmentation (see Fig. 25 and Fig. 26) a known quantity of
tap water was sprayed on the stone segments to supply the moisture to the pores
except the reference stone segments. The tap water for spraying had the
conductivity between 0.7-0.8 mS-cm™. Submersion the stone segments in the
water was not an option since the salts could have been washed out.

Plastic cylinders; 5 cm long and with an internal diameter of 5 cm were used
as the electrode compartments. The cylinders had open bottoms which were

closed with the plastic lids. Each cylinder had 2 holes (diameter 1 cm). These
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holes were closed with the rubber stoppers. On the edge of the cylinders facing
the stone segment the rubber tape band was placed for better contact with the
segmented stones. So prepared plastic cylinders were filled with the mixture (see
Fig. 14). The stone segments were placed between the two filled cylinders. The
grabs were used to press the setup together. One stopper was put out of the
cylinder on each side to mixture could go out from the cylinders during
tightening the grab. It was a sign that no room was in the cylinders. The
placement of the smooth and the rough sides of the stone segments in relation to
the electrodes (see Fig. 31) was taken into account. Electrodes were placed in
the stoppers in the outer holes. The electrodes reached 3 cm into the electrode
compartment and were platinum covered with a diameter of 3 mm. The stone
segments were wrapped in the plastic film to hinder the evaporation during the
desalination experiments (see Fig. 30). A constant current of 2 mA was applied
to the electrodes by a DC power supply (Hewlett Packard E3612A).

| |

L1 Le L1

Fig. 30 Laboratory closed se up of the electrodes connected to the power supply.
L1 — the clay poultice, L2 — the segmented stone;

8.2.7 The experimental series

Six electrokinetic desalination experiments were conducted. The experiments
are outlined in Table 17 by the experimental conditions and by the placement of
the stone segments in relation to the electrodes (see Fig. 31). All experiments
were conducted with the constant current of 2 mA and the voltage had been
followed. A good contact during the lasting of the experiments was not

maintained (read The results and discussion).
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Table 17 The experimental conditions for the desalination experiments — duration, the
initial current, the initial voltage, weight of the dried stone segments, the initial water
contents, the placement of the stone segments (see Fig. 31);

Initial Weighted | Initial Placement of
Duration | Current dried water
Exp. Voltage stone segments
[h] [mA] [V] sandstone | content ( Fig. 31)
[g] [%] )
1 14.8 936.6 1.9 (a)
2 120 2 9.7 1022.4 2.0 (a)
3 14.8 916.4 1.5 (b)
4 13.9 693.9 1.3 (a)
5 240 2 12.9 881.4 1.6 (b)
6 264 12.5 746.8 1.7 (b)
(a) (b)
P-.-- | ("::: [
|’ L
— |anODE CATHODE] — - |anope caThOnE
K LI B S1 K L1 K K (I L Se / L1 P
7 7 7 ¥ A p 1 7

Fig. 31 The placement of the stone segments in relation to the electrodes.
a) Original outer surface towards the cathode;
b) Original outer surface towards the anode; L1 - the clay poultice; S1, S2 - the
stone segment;

The reference stone segments

Because the stones are from a non-homogeneous natural material, the
differences were expected even though the stones were taken from the same
area. From the evaluation of the chlorides, nitrates and sulphates under an
applied electric filed it was necessary to know the variation of the salt
concentrations in the two reference stone segments. No water was added or DC
field applied into the reference stone segments.

The water contents, pH and salt concentration were measured in the segments
to the outer surface 1 and 3 and to the masonry surface in the segments 2 and 4
(see Fig. 29). The profile of salt concentration of chlorides and nitrates was

measured higher in the outer (smooth) surface as expected. Sulphates showed a
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different pattern than chlorides and nitrates as the sulphate concentration was
high only at the original outer smooth surface. The reference (initial)
concentrations were taken as the mean values of the concentrations from 1 and 3

segments and 2 and 4 segments for each reference stone.

Table 18 The initial salt concentrations, pH and water contents in the anode and

cathode halves of the reference stone segments.

Reference Outer Masonry Outer | Masonry | Outer | Masonry
stone (smooth) (rough) | (smooth) [ (rough) | (smooth)| (rough)
segment surface surface surface | surface | surface surface
chlorides CI" [mg'kg™] pH w [%]
1670290 | 1190+50
1 nitrates NO3” [mg-kg ']
1140480 880+80 7.240.8 | 6.9+£0.9 | 0.3+£0.0 0.320.1
sulphates S04~ [mg'kg'l]
890440 90+14
chlorides CI" [mg'kg™]
420£105 360+85
2 nitrates NOy img'ke 1 | (o4 | 67400 | 02200 | 0200
1000£240 660+115
sulphates SO~ [mg'kg'l]
5404370 | 20+10

8.2.8 The results and discussion

The removal of the salts (chlorides, nitrates, sulphates) from the
sandstones

From the initial concentration of salts (see Table 18) in the reference stone
segments it is clear that the salt concentration significantly exceeded the limiting
values from ONORM B 3355-1 [21] (see Table 5 to Table 7). Chlorides, nitrates
and sulphates migrated towards the anode electrode by the electromigration. So
the pattern of salt decreases was expected higher in the anode halves of the stone
segments. At the end of the experiments 1, 2 and 3 the deviations in the
efficiency of desalination were seen and the expected pattern was not obtained

(see Fig. 32 to Fig. 34). Possibly non-homogeneous pore structure, uneven
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distribution of the salts and short duration could have caused these deviations in
the final concentrations.

Therefore the experiments were repeated with a longer duration. The repeated
experiments 4, 5 and 6 showed the decreases in the salt concentrations related to
the concentrations of the reference stone segment 2 after 10-11 days of an
applied current and the expected patterns in consequence of the electromigration
were obtained. The decreases of chloride, nitrate and sulphate concentrations
reached to the low or below limiting values from the ONORM B 3355-1 [21].
The overall results from the experiments 4, 5 and 6 are shown in Fig. 35 to Fig.
37.

The average percentage decreases in the chloride, nitrate concentrations were
higher in the anode halves in experiments 3, 5 and 6 in relation to the initial
concentrations. In these experiments, the placement of the smooth (outer)
surfaces of the stone segments with the higher salt concentrations was to the
anode electrode, however, in the experiment 3 the decrease in the nitrate
concentration was not high.

The deviation in the sulphate concentration could have been connected with
an uneven distribution of the sulphates in the stones or with the inaccuracy of
measurements. The sulphates have also different chemical and physical
properties and therefore different results in the removal efficiency were
expected. The initial sulphate concentration in the experiments 4, 5 and 6 were
very low below limiting values from the ONORM B 3355-1 [21].

The transferred charge in the experiments 1, 2 and 3 was 864 C, in the
experiments 4, 5 and 6 the transferred charge was 1728-1900 C. It was about 4—
8 times less than in the previous experiments of the desalination conducted with
the sandstones using the same clay poultice [36]. The transferred charge was
insufficient and thus the increases might have helped for higher decreases in the

salt concentrations.
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Experiments 1, 2, 3 — duration 120 hours
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Fig. 32 The changes in the chloride concentration at the end of experiments 1, 2, 3.
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Fig. 33 The changes in the nitrate concentration at the end of experiments 1, 2, 3.
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Fig. 34 The changes in the sulphate concentration at the end of experiments 1, 2, 3.
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Experiments 4, 5, 6 — duration 240 and 264 hours
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Fig. 35 The changes in the chloride concentration at the end of experiments 4, 5, 6.

1000

EINITIAL
CONCENTRATION OF
NITRATES ANODE
PART [mg'kz]

800
BFINAL
CONCENTRATION OF
NITRATES ANODE
600 4 PART (+) [mg/kg]
mEFINAL
CONCENTRATION OF
NITRATES CATHODE
PART (-) [mg'kg]

NITRATES [mg/kg]

400

mINITIAL
CONCENTRATION OF
NITRATES CATHODE
PART [mg'kg]

200 +

mONORMB 3335-1

0 4

EXPERIMENT 4 EXPERIMENT 5 EXPERIMENT 6
Fig. 36 The changes in the nitrate concentration at the end of experiments 4, 5, 6.
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Fig. 37 The changes in the sulphate concentration at the end of experiments 4, 5, 6.

The salt concentration in the anode clay poultices

The Fig. 38 to Fig. 40 show the overall concentration of chlorides, nitrates

and sulphates in the slices of poultices on the anode sides at the end of the

experiments. The concentrations of salts in the cathode poultices are not shown

because the concentrations were very little as the salt anions electromigrated

towards anode.
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Fig. 38 The changes in the chloride concentration in the anode clay poultice at the end

of experiments 1, 2, 3, 4, 5 and 6.
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1200

of experiments 1, 2, 3, 4, 5 and 6.

—_
o
=
fa=]

A\
\/\

o
=
[==]

/
/SN\A

(=33
=1
fa=]

sulphate conc. [mg/kg]

M%

[3~]
=
[=]

1

T
2 3

SLICES

4

—+—EXP.1

--EXP2

=+—=EXP.3

——EXP4

==EXP.5

~-EXP.6

Fig. 40 The changes in the sulphate concentration in the anode clay poultice at the end

of experiments 1, 2, 3, 4, 5 and 6.
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Table 19 The anions of salts — removed mass, removal rate.

Removal Removal
Exp. ai?(l)tlis Reng(;ved eraz:_ ? Exp. | Salts Rer?g(;ved era:):_ ?
[g-day”] [g-day”]
CI 0.12 0.02 Cr 0.22 0.02
1 | NOy 0.10 0.02 4 | NOy 0.33 0.03
SO | 0.03 0.01 SO4% | 001 0.00
CI 0.29 0.06 Cr 0.23 0.02
2 | NOy 0.21 0.04 5 | NOs 0.42 0.04
SO | 0.05 0.01 SO4s% | 0.05 0.00
CI 0.17 0.03 Cr 0.21 0.02
3 | NOy 0.14 0.03 6 | NOy 0.37 0.03
SO | 0.03 0.01 SOs% | 0.04 0.00

The resistivity and the duration of desalination

The duration of the experiments with the stone segments from the stone 2 was
increased (10-11 days) compared to the experiments with the stone segments
from the stone 1. Fig. 41 shows the overall changes in the voltage during the
duration of the experiments 4, 5 and 6. At the beginning, the voltage differed
slightly (between 12.5 V and 13.9 V). The voltage increased during the first day
of these experiments but from the second day it had a decreasing tendency.
During the third and the fourth day strong peaks of the voltage were measured in
the experiments 4 and 5. It was caused by the problems with the contact. After
the re-establishment of the anode electrode by hand, the voltage decreased
significantly. Since then the voltage had an increasing tendency till the end of
the experiments.

The longest experiment 6 had the problems with the contact in the seventh
and the tenth day. The increasing tendency of the voltage demonstrated the
Ohm’s law. The resistance increased due to the increasing voltage. The increase
in the voltage might have been result of the changes occurring on the electrodes
during the experiments and because of drier anode clay poultice (read Electro-
osmosis inside the clay poultices and the sandstones) but it might have been still
possible to continue the experiments since the maximum voltage of the used

power supply (Hewlett Packard E3612A, DC power supply) was not exceeded.
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Fig. 41 The changes in the voltage during the experiments 4, 5 and 6 with the constant
current 2 mA.

Electro-osmosis inside the clay poultices and the sandstones

The water contents in the clay poultice decreased at both anode and cathode
side (see Table 20). In every experiment the clay poultice at the anode side had a
lower water content than the clay poultice at the cathode (the difference was in
the range of few percentages). The water (about 10 ml) was also seen under the
clay poultices leaked to the underlay at the cathode side but never under the
anode side. The drier anode clay poultice caused the increases in the resistance
in the closed laboratory setup. The water contents of the two sides of the stones
are very similar, however, a slightly higher water content was seen in the
cathode part of some of the stones if not the same in both parts.

The overall tendency thus seems to be the water transport from the anode side
to the cathode side. This may indicate electro-osmosis which is the movement of
the water in a porous material under an applied electric field. The initial water

contents in the reference stone segments were very low (see Table 18).
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Table 20 The initial and final water contents in the stone segments and in the clay
poultices at the end of the experiments.

Init. water | Final water content | Initial water | Final water | Final water
contents in in sandstones contents in contents in contents in
Exp. the the clay the anode the cathode
sandstones | Anode | Cathode poultices poultice poultice
[%] [%] [%] [%] [%] [%]
1 1.9 1.840.1 | 2.1+0.2 31.6+02 33.1+1.4
2 2.1 2.1£0.1 | 2.1+0.1 45.0+0.3 29.9+34 33.2+0.4
3 1.5 1.4+0.2 | 1.7+0.0 32.2407 36.0+0.5
4 1.3 1.140.1 1.140.1 25.0+0.9 27.0+1.5
5 1.6 1.540.1 1.5+0.0 43.0+04 31.0+1.2 31.740.5
6 1.7 1.540.2 | 2.2+0.1 30.0+2.1 34.0+0.2

The pH in the sandstones and in the clay poultices

An importing finding was that the mixture used as poultice buffered the
acidification from the anode process (read Electrode processes and Table 21)
and thus it showed the suitability as poultice for the desalination processes. The
initial pH of the reference stones without an applied electric field (see Table 18)
were lower than pH in the segmented stone segments in every case at the end of
the experiments.

The increased pH in the cathode halves of the stone segments was due to
electrolysis at the cathode which resulted in OH™ production from the process
(read 3.5 Electrode processes). The transport of OH™ through the stone segments
by electromigration increased pH in the stone segments. The lower pH at the
anode halves resulted in H® production from the anode process (read 3.5
Electrode processes).

The changes in pH are dependent on the charge transfer and the duration of
the experiments if the other conditions are the same as clear from the Table 21.
Generally, the longer duration the higher increases in OH’ in the cathode halves

of the stone segments and in the cathode clay poultices.
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Table 21 Initial and final pH inside the stone segments and inside the clay poultices.

In.itial pH Final pH in the Initial pH in Fi.nal pH Fi.nal pH
Epx. in the stone segments the clay in the in the

stone . anode | cathode
segments | Anode | Cathode poultices poultice | poultice

1 7.840.1 | 7.6x0.1 8.240.1 | 10.8+0.1

2 7.2 8.0+0.2 | 8.7+0.1 8.7 8.4+0.2 | 10.8+0.2

3 7.940.1 | 7.440.2 8.3+0.1 | 11.0+0.0

4 7.940.1 | 9.240.3 8.1£0.1 | 11.3+0.2

5 7.1 7.740.2 | 9.840.2 8.8 8.0+0.1 | 11.2+0.1

6 8.1£0.2 | 10.0+0.1 8.3+0.1 | 11.2+0.2

8.2.9 The conclusion

The experiments were conducted with the salt contaminated sandstones from
the historic warehouse. The concept of the electrokinetic desalination showed
that the salt concentration could be reduced to the low concentrations.

e (1) In the segmented stones, the initial concentrations of chlorides (1670
and 425 mg-kg") were reduced to values (410 and 140 mg-kg™); for
nitrates from (1140 and 990 mg-kg™) to values (415 and 310 mg-kg™); for
sulphates from (890 and 540 mg-kg™) to values (175 and 30 mg-kg™). The
decreases in salt concentrations were within 5-11 days with 2 mA applied
constant current, however, the concentrations were not decreased below
limiting values in every case.

® (2) Electro-osmosis (movement of water) was proven, however, only in
the clay poultice where the final water contents were significantly lower
in the anode clay poultices than the final water contents in the cathode
clay poultices. Inside the stone segments, the final water contents were
similarly flat. These findings are in correspondence with the previous
study [36]. Thus the used mixture as poultice showed the unsuitability for
the dewatering of the segmented stones.

There might have been a slight flow of water through the sandstone caused by
electroosmotically driven pressure from clay poultice to stone at the anode side
and suction from the segmented stone to clay poultice at the cathode.

Too high initial water contents of the clay poultice might have been another

problem for the dewatering of the segmented stones under the laboratory
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conditions. The increases in the water contents in the sandstones may have also
been caused by the amount of the water sprayed over the stones before the
beginning of the experiments. Thus the tests of the clay poultices with the lower
initial water contents might have been more efficient for the dewatering purpose.
® (3) The placement of the stone segments showed its importance in these
desalination experiments.

At the end of the experiments the decreases in the salt concentrations were
higher in the anode halves of the stone segments where the smooth surfaces of
the stone segments were placed towards the anode. The shorter path for the salt
anions towards the anode electrode might be an explanation for the higher
decreases in the salt concentrations at the anode halves of the segmented stones
but more experiments are needed to be done to verify these results.

® (4) The pH was lower in the reference stone segments than pH in the
segmented stones at the end of the experiments (see Table 18 and Table
21). The used mixture as poultices showed suitability for desalination in
relation to the pH changes and successfully neutralized the acidic front at
the anode from electrolysis. The alkaline front at the cathode was high as
a function of time.

Electromigration of OH™ from the cathode into the stone segments may be
unwanted because it can influence the transport numbers of the targeted anions.
Such decrease was seen in the electrochemical extraction of Cl from the
concrete where OH™ ions from the cathode process became the main charge
carriers [37]. Therefore the development of a clay poultice for the neutralization
of the hydroxyl ions produced from the cathode reaction may increase the
effectiveness of the desalination.

® (5) The removal rate and removed mass for chlorides, nitrates and
sulphates were found out (see Table 19). These findings might have been
useful for the further application in the future pilot test.

In general, the bad contact between the electrodes and the clay poultices was

the main problem during the longer experiments therefore for the future tests it
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would be necessary to improve the contact especially at the anode electrodes

which were dried up.

8.3 The additional experiment to experiment 2

8.3.1 The main goals of the additional experiment

The main focus of the additional experiment is on:

(1) to find out whether the higher constant current together with the more
charge passed through the closed laboratory setup have any influence on
the removal rate and removed mass of chlorides, nitrates, sulphates and
thus on the decreases of the chloride, nitrate and sulphate concentrations
in the sandstones,

(2) to verify whether electro-osmosis (the water movement under an
applied DC field) takes place more significantly when the stronger electric
field is applied,

(3) to confirm whether the placement of the sandstones (original outer
surface) in relation to the electrodes has influence on the efficiency of the
desalination when the stronger current is applied,

(4) to find out the removed mass and removal rate for chlorides, nitrates
and sulphates when the constant current is applied and to verify the
suitability of the mixture used as the poultice in relation to pH changes.

(5) from the obtained results to give recommendations for the application
in the pilot test (read 9.4.3 The recommended setup for the desalination of

the sandstone wall under an applied DC field using the clay poultices),

8.3.2 The experimental section

The sandstones for experiments

Two sandstones used in the laboratory experiments were taken from the same

place as in the previous experiment 2. They were cut out from a larger stone

which was damaged by the salts. The sandstones were about 0.5 m long, 5-7 cm
thick and 10 cm high. They had grey colour (see Fig. 42 to Fig. 44). A relatively

smooth surface of the sandstones had been the original outer surface and the

106



rough surface had been facing towards the wall. Lighter areas were clearly seen
on the smooth surfaces of the stones 1, 2 (see Fig. 43 and Fig. 44. The stones
were contaminated with unknown amount of the salt concentration. The two
experimental stones (1 and 2) were weighed and the segmentation of the stones
was done the same way as in the previous experiment (see Fig. 43 and Fig. 44).
For the segmentation of the stones sawing was not used because this would add
extra water to the stone segments which could cause a redistribution of the salts.
After the segmentation, the desalination experiments were conducted with these
stone segments.
In the laboratory experiments, one type of the clay poultice was used:

e a mixture of (calcite, kaolin and distilled water);

Fig. 42 Two stones used in experiments.

]

- -

Fig. 43 Three segments of the stone 1. The stone segment 2 was used as reference.
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Fig. 44 Three segments of the stone 2. The stone segment 1 was used as reference.

8.3.3 Materials for experiments

e the sandstones (Obernkirchen Sandstones);

¢ the rubber stoppers, the rubber tape bands;

¢ an adhesive tape;

e the plastic lids, vials, cylinders, the plastic film for wrapping;

¢ the electrode platinum covered from Permascand;

8.3.4 The analytical

The samples for the chemical analysis were prepared the same way as in the
previous experiment 2. Fig. 45 shows the segmented parts of the closed
laboratory setup where the water contents, pH and salt concentrations were
measured. The reference stone segments were segmented into four pieces with

which the same extractions as in the previous experiment 2 were done (see Fig.
45).

? ROUGH ROUGH
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N _ / 1 /
anode cathode 4 4

H 34
12134 1 | 2 141312 T 1 1
1 e L1 | ;l—’
/V /||/ AV AV SMOOTH SURFACE SMOOTH SURFACE
Fig. 45 The segmented parts of each laboratory compartment where the water
contents, pH and the concentration of salts were measured. The reference stone
segment 2 (fig. in the middle) was used for the experiments 1, 2. The reference stone
segment 1 (fig. on the right) was used for the experiments 3, 4. Small numbers on the

sides of the reference stones show the parts where the water contents, pH and salt
concentrations were measured.
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The reference stones

Because the stones are from a non-homogeneous natural material differences
were expected. For the evaluation of the chlorides, nitrates and sulphates
removal when an electric field was applied it was necessary to know the
variation in the salt concentrations in the two reference stones. No water was
added or DC field applied on the reference stone segments.

The water contents, pH and salt concentration were measured in the segments
to the outer (smooth) surface 1 and 3 and to the masonry (rough) surface in the
segments 2 and 4 (see Fig. 45). The profile of salt concentration of chlorides and
nitrates was measured higher in the outer (smooth) surface as expected.
Sulphates showed a different pattern contrary to the previous experiment as in
the reference stone segment 2 the concentration of sulphates was similar in the
outer (smooth) and masonry (rough) halves. The reference (initial)
concentrations were taken as the mean values of the concentrations from 1 and 3

segments and 2 and 4 segments for each reference stone.

Table 22 The initial concentrations of the salts and the initial pH in the anode half and
cathode half of the reference stone segments.

Reference Outer Masonry Outer Masonry Outer | Masonry
stone (smooth) (rough) (smooth) (rough) (smooth) | (rough)
segment surface surface surface surface surface surface
chlorides Cl [mg-kg '] pH w [%]

1800200 | 156090

1 nitrates NO3” [mg°kg'1]
1650210 \ 1380440 7.8+0.2 8.4+0.5 0.12+0.0 | 0.19+0.1

sulphates SO~ [mg-kg ]

1680240 | 160£20

chlorides Cl [mg-kg ']

16504540 | 1460+330

. B T
2 ﬁggf;lNOOf %foiizg) 74202 | 79402 | 0.1£00 | 0.1x0.0

sulphates SO~ [mg-kg ]

640+830 | 5104690

8.3.1 The experimental setup

The laboratory closed setup for the electrokinetic desalination experiments is

shown in Fig. 30. The two experimental sandstones were weighed and

109



segmented the same way as in the previous experiment to three segments each
(see Fig. 43 and Fig. 44). After the segmentation, a known quantity of tap water
was sprayed on the stone segments to supply the moisture to the pores. The
reference stones were without any additional water. Submersion the stone
segments in the water was not an option since salts could have been washed out.

The same experimental setup as in the previous experiments using the plastic
cylinders was used. The difference in the laboratory setup was in the use of
constant current which was set up 10 mA by a DC power supply (Hewlett
Packard E3612A).

8.3.2 The experimental series

Four additional electrokinetic desalination experiments were conducted. The
experiments are outlined in the Table 23 by the experimental conditions and by
the placement of the stone segments in the relation to the electrodes (see Fig.
46). All experiments were conducted with the constant current of 10 mA except
the experiment 1 where the initial constant current of 10 mA was changed for 2
mA after a day. The change in voltage was followed. A good contact during the

duration of experiments was not maintained (read The results and discussion).

Table 23 The experimental conditions for the desalination experiments — duration,
initial constant current, initial voltage, weight of the dried stone segments, initial water

contents, placement of the stone segments (see Fig. 46).
. Initial Initial Welghted Initial Sandstone
Duration | constant dried water
Exp. voltage placement
[h] current [V] sandstone | content (Fig. 46)
[mA] [g] [%] )
1 360 10-2* 40.7 950.7 1.0 a)
2 217 38.1 1062.7 1.0 b)
3 238 10 50.3 1553.2 1.0 b)
4 260 57.7 878.4 1.0 a)
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Fig. 46 The placement of the stone segments in relation to the electrodes.
a) Original outer (smooth) surface towards the cathode; b) Original outer
(smooth) surface towards the anode; L1 - the clay poultice; S1, S2 - the stone
segments;

e’

8.3.3 The results and discussion

Removal of the salts (chlorides, nitrates, sulphates) from the sandstones

From the initial concentration of salts (see Table 22) in the reference stones it
is clear that the salt concentration significantly exceeded the limiting values
from ONORM B 3355-1 [21]. At the end of the experiments 1, 2, 3 and 4
deviations in the desalination efficiency were seen. The decreases in chloride,
nitrate and sulphate concentrations were high. In the experiments 1, 2 the
average percentage decreases in chloride and nitrate concentrations in relation to
the reference values were higher even when the overall charge that passed
through the segmented stones was lower than in the experiments 3, 4. The
overall results from the experiments 1-4 are shown in the Fig. 47 to Fig. 52.

Contrary to the previous experiments the higher mass of removed chloride
and nitrate anions was measured in every of the additional experiment 1, 2, 3
and 4 (see Table 24). In the experiments 2, 3 and 4 the constant current of 10
mA was applied during the duration of the experiments. In the case of sulphates
the removed mass was similar to the previous experiments.

The overall transferred charge in the experiments 1 was 3200 C, in the
experiments 2, 3 — 7810, 8570 C and in the experiment 4 — 11800 C. The
placement of the stone segments confirmed its importance from the previous

experiment because the biggest mass of chlorides was removed in the
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experiments 2 and 3 and the biggest mass of nitrates in the experiment 3 (see
Table 24). The removal rate showed the velocity of migrated ions and confirmed
the fact from the previous experiment (see Table 24). The velocity of sulphates

was measured the least as expected.

Experiments 1,2,3,4
ﬁz B INITIAL CONCENT. OF
- CHLORIDES ANODE
1800 PART [mgkg]
— 15004
0 100 EFINAL CONCENT. OF
TEn 13004 CHLORIDES ANODE
i 1200 PART (+) [mgkg]
o 11004
= 00 BFINAL CONCENT. OF
5 500 CHLORIDES CATHODE
o 800 PART (-} [mg/kg]
700
% 04 mINITIAL CONCENT. OF
3084 CHLORIDES CATHODE
4004 PART [mg'kg]
3004
. ®ONORMB 3355-1
0

EXPERIMENT 1 EXPERIMENT 2 EXPERIMENT 3 EXPERIMENT 4
Fig. 47 The changes in the chloride concentration at the end of experiments 1, 2, 3, 4.
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Fig. 48 The changes in the nitrate concentration at the end of experiments 1, 2, 3, 4.
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Fig. 49 The changes in the sulphate concentration at the end of experiments 1, 2, 3, 4.

The salt concentration in the anode clay poultices

The Fig. 50 to Fig. 53 show the overall concentration of chlorides, nitrates

and sulphates in the slices of poultices on the anode sides at the end of the

experiments. The concentrations of salts in the cathode poultices are not shown

because the concentrations were very little as the salt anions migrated towards

anode.
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Fig. 50 The changes in the chloride concentration in the anode clay poultice at the end

of experiments 1, 2, 3, 4.
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Fig. 51 The changes in the nitrate concentration in the anode clay poultice at the end

of experiments 1, 2, 3, 4.
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Fig. 52 The changes in the sulphate concentration in the anode clay poultice at the end
of experiments 1, 2, 3, 4.

Table 24 The removed mass and the removal rate of chlorides, nitrates, sulphates at
the end of experiments.

Salt | Removed Removal Salt | Removed Removal
Exp. anions ] rate Exp. anions [e] rate
g [g-day] [g-day™]
Cr 0.81 0.05 Cr 1.66 0.17
1 | NOy 0.52 0.10 3 | NOy 0.93 0.09
SO | 007 0.01 S0, 0.05 0.00
Cr 1.25 0.14 Cr 0.97 0.09
2 | NOy 0.58 0.06 4 | NOy 0.58 0.05
SOs2 | 0.01 0.00 S0, 0.01 0.00
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The resistivity and the duration of the desalination

The duration of the experiments with the stone segments from the stones 1, 2
was ( 9—15 days ). Fig. 53 shows the changes in the voltage during the duration
of the experiments 1, 2, 3 and 4.

At the beginning of the experiments, the voltage differed between 38 V and
58 V. The voltage in the experiment 1 increased after the first day to the
maximum voltage of the power supply so it was decided to decrease the constant
current from 10 mA to 2 mA. Then the voltage decreased to 58.3 V. The
following day the problem with too high resistance occurred and the electrodes
had to be fixed by hand to establish a good contact again. The experiment 1
operated maximally for five days in a raw without any necessary correction of
contact. However, the maximum value of voltage was reached at the end of
experiments thus the experiment was stopped.

The experiment 2 was influenced by the bad contact from the second day of
the experimental duration and from then the contact had to be established every
day at least once. In the experiment 3 the problem with the bad contact started
from the second day of the experimental duration and the longest duration
without any correction was three days in a raw.

The longest experiment 4 had the problems with the contact from the third
day of the experimental duration. Then the problems with the bad contact
occurred every day till the end of the experiment. The increase in the voltage
might have been due to changes occurring on the electrodes during the
experiments and also because of drier anode clay poultice (read Electro-osmosis
inside the clay poultices and sandstones). It was possible to continue the
experiments since the maximum voltage of the used DC power supply (Hewlett

Packard E3612A) was not exceeded at the end of the experiments.
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Fig. 53 The changes in the voltage during the experiments 1, 2, 3 and 4 with a constant
current.

Electro-osmosis inside the clay poultices and in sandstones

The water contents in the clay poultices decreased in both anode and cathode
clay poultice (see Table 25). In every experiment the clay poultice had a lower
water content at the anode side than poultice at the cathode at the end of
experiments.

The initial water contents in the reference stone segments were very low (see
Table 22). The final water contents of the two halves of the segmented stones
are very similar, however, a slightly higher water content was seen in the
cathode part if not the same in both parts at the end of experiments (see Table
25). The overall tendency thus seems to be the transport of water from the anode
side to the cathode side. These findings are in correspondence with the previous
experiments. The increases in the water contents in the stone segments may have
been caused by the amount of the water sprayed over the stones before the
beginning of the experiments and by the water from the mixture which

contained a lot of water.
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Table 25 The Initial and final water contents in the stone segments and in the clay

poultices.
Initial . . . .
Final water content | Initial water | Final water | Final water
water. in the sandstones contents in | contentsin | contentsin
Exp. contﬁnt m [%] the clay the anode | the cathode
san(;steones poultices poultice poultice
(%] Anode Cathode [%] [%] [%]
1 1.0 1.7+03 1.7+0.1 449401 21.4+0.6 31.7+0.9
2 1.0 1.6+01 2.0+0.1 30.6+0.7 34.1+0.4
3 1.0 1.9+01 2.1+0.3 44.110.1 29.2+1.1 33.7+0.5
4 1.0 2.0+01 2.240.1 T 30.5+0.8 33.7+0.5

The pH in the sandstones and in the clay poultices

As in the previous experiments, the mixture used as the clay poultice buffered
the acidification from the anode process (read 3.5 Electrode processes and Table
26). The initial pH of the reference stones without an applied electric field (see
Table 22) were lower than pH in the segmented stones in every case at the end
of experiments. The increased pH in the cathode halves of the stone segments
was due to electrolysis at the cathode which resulted in OH™ production from the
process (read 3.5 Electrode processes - cathode electrolysis). The transport of
OH' through the stone segments by electromigration increased pH in the stone
segments. The lower pH at the anode halves resulted in H" production from the

anode process.

Table 26 The initial and final pH inside the stone segments and inside the clay

poultices.
Initial pH in Final pH in the In.ltlal Fl.nal pH Fl.nal pH
Ex the seomented stones pH in the in the in the
p- segmented g clay anode cathode
stones poultices | poultice poultice
Anode Cathode
1 7.940.0 | 8.8+0.6 8.0+0.1 11.6£0.2
2 | 30D 06 [ 100x0.0 | 30! [TRss00 [ 116202
3 8.5+0.7 | 10.6x0.0 8.3+0.1 11.0+£0.0
4| 7703 93507 106202 | SO0 [TRis0q | 113202
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8.3.4 The conclusion

The additional experiments were conducted with the salt contaminated
sandstones from a historic warehouse. The concept of the electrokinetic
desalination of problematic salts followed the previous experiment with
sandstones. Electrokinetic treatment showed that the concentration could be
reduced to the low concentrations. During the experiments with duration from (9
to 15 days) the initial concentration of chlorides, nitrates and sulphates were
decreased significantly to the low concentrations and in the cases of sulphates,
the decreases were below limiting values of concentrations from ONORM B
3355-1 [21].

® (1) In the stone segments, the initial concentrations of chlorides (1800 and
1550 mg-kg™") were reduced to values between (1200 and 175 mg-kg™");
for nitrates from (1650 and 1150 mg-kg") to values between (1390 and
370 mg-kg"); for sulphates from (1680 and 510 mgkg™') to values
between (170 and 95 mg-kg™"). The decreases in the salt concentrations
were within 9-15 days with 10 mA applied constant current and in the
experiment 1 with 2 mA.

® (2) The movement of the water was clearly seen, however, only in the
clay poultice the water movement was significant. The highest difference
in the water decreases was in the experiment 1 that had the longest
duration.

The used mixture as the clay poultice showed the unsuitability for the
dewatering in the segmented stones because the decreases in the water contents
clearly do not indicate electro-osmosis within the segmented stones at the end of
experiments. The wrapping of the segmented stones with the plastic film was
possibly one of the limiting factors for more significant dewatering as in the
previous experiment.

® (3) The placement of the stone segments confirmed its importance from

the previous results because the biggest mass of chlorides (1.3-1.7 g) was
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removed in the experiments 2, 3 and in the case of nitrates, the removed
mass was the biggest in the experiment 3 (0.9 g).

® (4) The removal rates of salt anions were found out and confirmed the
supposed velocity of migrated ions (see Table 24).

Even when the experiments 2, 3 did not have the longest duration and the
highest amount of charge passed through, the removal rate for chlorides and
nitrates was the highest. Possibly, the relatively good contact during the duration
of experiments contributed to these results. Also shorter path for salt anions
towards the anode electrode from the place with the higher concentration of salts
might be the explanation for the higher removal rate of certain salts. The used
clay poultices confirmed their suitability in relation to the pH changes and
successfully neutralized the acidic front at the anode from electrolysis.

® (5) The encourage results of desalination (removal rates of chlorides and
nitrates) were used in the following recommendations for the desalination

of the sandstone wall.

8.4 EXPERIMENT 3 — Desalination of the bricks contaminated
with the sodium chloride under an applied electric field

8.4.1 Introduction

The experiment 3 was aimed at the desalination of the bricks contaminated
with the sodium chloride solution. The experiment 3 was conducted with the use
of technique of clay poultices placed externally with the use of electric field.
Two types of clay poultices were tested in the combinations with the halves of

bricks. The experiment tightly follows the previous work [38].

8.4.2 The goals of the experiment 3

The experiment 3 was focused on:
e (1) to find out which combination of the clay poultices has the highest
efficiency in decreases of the chloride concentration,
® (2) to find out which combination of tested clay poultices has the highest

decreases in the water contents inside the bricks at the end of experiments,
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® (3) to find out which combination of the clay poultices creates the least

amount of OH" ions in the cathode clay poultice,

8.4.3 The experimental section

The same type of Danish yellow bricks of the dimensions 22.8 cm - 10.8 cm -
5.4 cm were used in the present laboratory experiments (see Fig. 14). These
were taken from Wienerberger’s brickfield. The porosity of these bricks was
about 28.0 % as in the previous experiment 1. Every experiment was conducted
with 2 halves of a brick. In the laboratory experiments, two types of clay
poultices were used (see Fig. 14).

¢ a mixture of (calcite, kaolin and distilled water or tap water) — the tap
water was used only in the experiment 2;

e the brick clay — it contained approximately 17.0 — 18.0 % of carbonates
(date from Wienerberger’s brickfield);

8.4.4 Materials for experiments

the yellow Danish bricks;

the rubber stoppers, the rubber tape bands;

an adhesive tape;

the plastic lids, vials, cylinders, the plastic film for wrapping;

the electrode platinum covered from Permascand;

8.4.5 The analytical

In the present work, the water soluble fraction in the distilled water is relevant
for the measurement. Before analysis, the halves of bricks were segmented the
same way as in the previous experiment 1 (see Fig. 16).

Inside these segmented slices the water contents and pH were measured. The
water content was found by the weigh and dry method (drying for 24 hours at
105 °C) and calculated as (water/dry mass) - 100 %. The dried samples of the
clay poultices were powdered in a mortar by hand and the bricks in a mechanical

mortar. The fine powder was suspended — 10 g of the powder in 25 ml of the
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distilled water in the plastic vials, which were placed on an agitating table for 24
hours. After this pH was measured with electrodes directly in the suspensions
with pH meter (PHM 220 Lab pH Meter). The suspensions were then filtered
through 0.45 pum filter under vacuum. The concentration of chlorides was then
measured with titration method (716 DMS Titrino). The mean values of the
water contents, pH and the chloride concentration inside the bricks and inside

the clay poultices were calculated with the standard deviations.

8.4.6 The experimental setup

At the beginning of the experiment, the whole brick was put into the oven for
drying overnight. The next day, the whole dried brick was segmented with the
hammer and the chisel by hand to 2 similar halves. Every half of the brick was
completely submerged into the NaCl solution for 4 days (see Fig. 54). The
solution contained 52.5 g of NaCl in 3.5 L of the distilled water (0.26 M NaCl).
After the submersion, the two halves of the brick were weighed again. Every
experiment was conducted with 2 such saturated halves of the brick.

The laboratory setup with the use of the plastic cylinders filled with clay
poultices was set up the same way as in the experiment 1 (read 8.1.6 The
experimental setup). Finally, a constant current was applied to the electrodes by
a DC power supply (Hewlett Packard E3612A). The laboratory closed setup is
shown in Fig. 54.

Fig. 54 The used yellow brick contaminated with NaCl solution (left) and the used
closed laboratory setup (right). The wrapping is not shown. [39]
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8.4.7 The experimental series

Overall five electrokinetic experiments were conducted. Every experiment
was conducted with two halves of the brick. The experiments are outlined in
Table 27 by the experimental conditions.

Table 27 The initial conditions of the experiments: the combinations of poultices, the

duration, the initial constant current, the initial voltage, the weight of dried halves of
the bricks, the initial water contents of halves of bricks. TW - the tap water; DW — the

distilled water; BR1 - half 1; BR2 - half 2; KAOL. - kaolin; [39]
Ex Poultice | Poultice |Duration | Current | Voltage d‘zzzlgg:'i(;fc c:)?tlzilt.s
P-| ANODE | CATHODE| [h] [mA] V] ] o
(CaCO; | (CaCOs + BR1=9.1:| 11738 | 165:
I |+DW+ )| DW BR2=90.1| 1084.9 16.2
KAOL) | +KAOL) =7 : :
(CaCO; | (CaCOs + BR1=79:| 12037 | 175
2 | +TW+ | TW+ BR2=79| 10454 17.1
KAOL) | KAOL) =7 : :
L | BRICK | BRICK 040 o [BRI=70: 11166 | 189;
CLAY | CLAY BR2=70| 10736 19.0
A icégvoi BRICK BR1=78:| 11094: | 169:
aoLy | CLAY BR2=78| 10719 177
5 | BRICK (ngv()j + BRI1=83:| 11256 | 173
CLAY | oor) BR2=83| 10837 16.4

8.4.8 The results and discussion

The reference bricks

It must be taken into account that the differences in the initial water contents
inside the halves of the bricks were measured even though bricks were taken
from the same batch. It is seen from the initial water contents inside the halves
of the bricks after submersion for 4 days into the sodium chloride solution (see
Table 27).

For measurements of chloride concentration, two dried halves of the brick
were submerged for 4 days into the NaCl solution. After this period of
submersion, the chloride concentration inside the halves of the brick was

measured. These values of the concentration were taken as the reference for the
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chloride measurements (see Table 28). The reference bricks were without
application of DC electric field.
Table 28 The reference blind halves of the brick submerged for 4 days into the NaCl

solution: the reference initial concentration of chlorides, the initial pH, the initial
conductivity; BR.1,2 — the halves of the brick; [39]

Halves of chlorlde. conductivity
brick concentra_ilon pH [uS-em’']
[mg kg™ |
BR.1 1130 10.7 1390
BR.2 1000 10.6 1000

The removal of chlorides from the bricks

From the initial reference blind halves of the brick (see Table 28), it is clear
that the chloride concentration exceeded the limiting values from ONORM B
3355-1 [21] significantly.

The initial chloride concentration (1130 and 1000 mg-kg™") was reduced the
most significantly to below limiting values in the experiments 1, 2 (see Fig. 55).
This corresponds to the mean chloride decreases inside the bricks about (95-100
%) in the experiment 1 and about (80-94 %) in the experiment 2. The decreases
in the chloride concentration were high in the experiment 3 as well. Inside the
half 1 of the brick, the mean chloride decrease was even 100 %, however, inside
the half 2 the mean chloride decrease was only about 70 %, moreover, the
decrease of chloride concentration inside the anode half of the brick was not to
below the limiting values (see Fig. 55). The similar pattern of the deviation was
seen also in experiments 4, 5 (see Fig. 55). The segmented samples of the anode
sides of the bricks were re-measured but even after the repetition of the

measurements the deviations were confirmed. [39]

123



12000

1100,0 BREFERENTIAL
CONC. OF
1000.0 1 CHLORIDES

L=
=
=
=)

EFINALCONC.
£00.0 - ANODE(+)

7000

W FINALCONC.
CATHODE (-)

6000

300,0 H

4000

ESAFETY CONC.
LINMIT

chloride concentration [mg/kg]

00,0 -

200,0 -

100,0

EXP1 EXP1 EXP2 EXP2 EXP3 EXP3 EXP4 EXP4 EXP5 EXP S
(BR1) (BR2) (BR1) (BR2) (BR1) (BR2) (BR1) (BR2) (BR1) (BR2)

0.0 1

Fig. 55 The changes in the chloride concentration inside the halves of the bricks at the
end of the experiments. [39]

Electro-osmosis inside the bricks and in the clay poultices

In every experiment the transport of the water was clearly seen since the
higher water contents were obtained in the cathode halves of the bricks (see Fig.
56 and Fig. 57), moreover, the clay poultices at the anode side had a lower water
contents contrary to the poultices at the cathode side in every experiment (see
Table 29). The leaked water (about 10 ml) was also seen under the cathode clay
poultices on the underlay but never under the anode side. These signs clearly
indicate the electroosmotic flow inside the laboratory setup. Table 29 shows the

overall changes in the water contents inside the clay poultices in all experiments.
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Fig. 56 The changes in the water contents inside the halves of the bricks at the end of
experiments 1, 2 and 3. BR.1 — half 1; BR.2 — half 2; [40]
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Fig. 57 The changes in the water contents inside the halves of the bricks at the end of
experiments 4, 5. BR.1 —half 1; BR.2 — half 2; [40]
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Table 29 The changes in the water contents inside the clay poultices: the initial water
contents, the final water contents on the anode and cathode sides. DW — distilled
water; TW — tap water; KAOL. — kaolin; [40]

Initial water | Poultice Poultice
Poultice type contents ANODE | CATHODE
[%] [%] [%]
Brick clay 19.3-21.5 | 13.6-18.0 | 21.0-21.2

mixture (CaCO;3; +
KAOL. + TW) 43.4-44.5 | 34.0-36.4 | 37.4-38.7

mixture (CaCO;3; +
KAOL. + DW) 42.5-44.8 | 30.5-36.4 | 36.3-39.0

The pH inside the bricks and in the clay poultices

In every experiment, the clay poultices buffered successfully to decrease the
pH below 7 which means acidification (see Fig. 58 and Fig. 59). Generally, the
pH was lower at the anode poultice than at the cathode poultice in every
experiment. These facts support the suitability of the tested clay poultices for the
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electrokinetic desalination. Table 30 shows the overall changes in pH inside the

clay poultices at the end of experiments.

The pH changes inside the bricks
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Fig. 58 The changes in pH inside the halves of the bricks at the end of the experiments
1,2 and 3. BR.1 — half 1; BR.2 — half 2; [40]
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Fig. 59 The changes in pH inside the halves of the bricks at the end of the experiments
4 and 5. BR.1 — half 1; BR.2 — half 2; [40]

Table 30 The changes in pH inside the clay poultices: the initial pH, the final pH at the
anode and cathode sides. TW — the tap water; DW — the distilled water; KAOL. —
kaolin; [40]

Initial | Poultice Poultice
pH ANODE | CATHODE

Brick clay 7.9-82 | 7.2-7.4 10.7-11.0
mixture (CaCOs3
+ KAOL. + TW)
mixture (CaCOs3
+ KAOL. + DW)

Poultice type

7.5-7.8 | 7.9-8.0 10.9-11.0

8.8-8.9 [ 83-9.0 10.9-11.3
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8.4.9 The conclusion

The experiments were conducted with one type of yellow bricks which were
submerged in the sodium chloride solution for 4 days. The initial concentration
of chlorides was decreased significantly to very low concentration under an
applied electric field within 10 days.

® (1) The combination with the mixture as clay poultices used on the both
sides showed the highest decreases in the chloride concentration between
(80-99 %) in relation to the initial concentration of chloride. The final
decreases in chloride concentration were below to limiting value.

Other combinations showed the deviations in the decreases of the chloride
concentrations and thus the unsuitability for the use. The solution how to avoid
these deviations and to improve the decreases in the chloride concentration with
these combinations might have been in changes of the clay poultices after some
period of time. That action might have removed the chlorides soaked into the
poultices and helped to re-establish good contacts at electrodes which are
needed for the current flow and thus for the process of desalination.

® (2) The combination with the brick clay as the clay poultices on the both
sides showed the highest decreases in the water contents inside the bricks
from the initial water contents (18.9 and 19.0 %) to the final average
water contents (9.9 and 9.5 %).

The mixture used as the clay poultices contained a lot of water and that was
probably the main reason, why the water contents did not decrease below the
initial water contents in the experiments 1 and 2. The pressure/suction effect
could have influenced the electro-osmosis as well.

® (3) The combination with the brick clay on the anode sides and the
mixture on the cathode side showed the lowest increases of pH in the
cathode poultice (24.3-24.6 %) in relation to the initial value of pH (8.8)
of the clay poultice.

Every tested combination of the clay poultices buffered the acidification

successfully.
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8.5 EXPERIMENT 4 - Desalination of a masonry in the pilot
test under an applied electric field

8.5.1 Introduction

The present pilot test follows tightly the previous studies [32] [41] where the
similar electrode units were tested for the purpose of electrokinetic desalination.
The results from the previous study showed encourage results in the decreases of
chloride concentration but the electrode units were quite unpractical because of
making other useless holes into the masonry when they were applied on a wall.
Therefore it was difficult to change the clay poultices for the new ones. The
present investigation is conducted with new utilized electrode units (see Fig.
61). Desalination of masonry is aimed at three the most common type of salts:
chlorides, nitrates and sulphates. The electrode units filled with the brick clay

were used externally putting on the wall of an old stable.

8.5.2 The goals of the experiment 4

The main goals of the pilot scale test are:

e (1) to find out the efficiency of the desalination such as the removal rate,
removed mass of chlorides, nitrates and sulphates when the clay poultices
and the constant current were applied,

® (2) from the obtained results to give recommendations for the application
in the pilot test (read 9.4.2 The recommended setup for the desalination of

the brickwork with the plaster when an electric field is applied),

8.5.3 The experimental section

The stable for the pilot test

The pilot scale test was conducted on the wall of the old stable. It was seen
that the wall of the stable was suffering from the plaster peeling because the
fixed areas of the plaster were seen (see Fig. 60). It was expected that the stable
was build from the Danish bricks connected with the lime-cement mortar and

the lime-cement plaster with the different thickness.
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| Fig. 60 The reference old stable for the pilot test.

8.5.4 The materials for experiment

e the rubber tape bands;
¢ an adhesive tape;
e the metal net electrodes;
e the brick clay from Wienerberger’s brickwork with approximately 17.0-
18.0 % of carbonates;
e wood;
Electrode units — specification
The electrode units consist of white plastic casings, movable plastic bottom,
metal net electrodes, metal springs, plastic heads, (see Fig. 61), power supply
(Hewlett Packard E3612A, DC power supply) and wooden support construction
(see Fig. 63). The rubber tape band was placed on the edges of the plastic

casings.

Fig. 61 The electrode unit — the movable bottom, the mesh electrode, the springs, the
plastic heads, the rubber tape band.
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8.5.5 The analytical

Before the chemical analysis, the initial masonry samples taken from the wall
were examined for the water contents and concentration of salts. The water
contents were found by the weigh and dry method (drying for 24 hours at 105
°C) and calculated as (water/dry mass) - 100 %. Then the dried powder was
suspended — (dry mass) 10 g of powder in 25 ml of distilled water in the plastic
vials, which were placed on an agitating table for 24 hours. The suspensions
were then filtered through 0.45 pum filter under vacuum. The concentrations of
chlorides, nitrates and sulphates were measured with the ion chromatography in

the laboratory. The same procedure was done with every examined sample.

8.5.6 The experimental setup

The mesh metal electrodes were put on the movable bottom inside the plastic
casings (see Fig. 61). These two plastic casings serve further as electrode units.
The rubber tape bands were pasted on the edges of the boxes. That prepared
casings were filled with the brick clay up to the edges of the rubber tape bands.
One electrode unit served as the anode the other as the cathode. The wooden
support construction was used because the plastic casings did not have any holes
for screws and therefore the construction had to support them. That was the
difference in comparison with the casings used in the previous study. The plastic
casings were put into the wooden construction and pressed to the wall (see Fig.
62 and Fig. 63). After pressing, the metallic springs were put outside the casings
and the plastic heads screwed these springs inside. This action pressed the brick
clay which was filled in the plastic casings tightly to the masonry. Thus a good
contact between the brick clay and the masonry was maintained. A good contact
is essential for electrokinetics. Finally, the constant current was set up (Hewlett
Packard E3612A, DC power supply).

8.5.7 The experimental series

The initial samples were drilled from the different heights (30, 60, 90, 120, 150
cm) above the ground between the supposed placement of the electrode units.
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After drilling, the electrode units were placed on the wall. For the intention of
the desalination the constant current was adjusted. The distance between the
electrodes was 1 m from the beginning but it was changed to 0.5 m. The upper
edge of the electrode units was at the height 150 cm above the ground. The
values of current and voltage were followed every day of the pilot test. At the
beginning of the pilot test, the problem with so fast voltage increases was found
out. The voltage had such a quick increasing tendency in consequence of the
masonry resistance because the wall was dry too much. Therefore the tap water
was sprayed on the wall. The voltage decreased suddenly in consequence of the
lower resistance. The area around the electrode units was then wrapped with a
plastic to hinder evaporation of the water (see Fig. 62). It helped to prolong the
duration of the brick clay as poultice to be changed. When the voltage got
maximum of the power supply (Hewlett Packard E3612A, DC power supply)
the brick clay was changed for a new one. After every change, the brick clay
was segmented to 3 parts on the anode side and on the cathode side (see Fig. 63)

in which the concentration of salts was measured.

E == rl- i s

Fig. 62 The placement of the electrode umts on the wall, ooden construction and he
area of the wrapping in the second stage.
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Fig. 63 The detail of the setup on the wall and the segmented parts of the units, where
the concentration of salts was measured after every change of the brick clay.

8.5.8 The results and discussion

The removal of the salts (chlorides, nitrates, sulphates) from the masonry

From the initial concentration of salts (see Table 31), it is clear that the salt
concentration significantly exceeded the limiting values from ONORM B 3355-
1 [21]. The utilized electrode units decreased the concentration of chlorides,
nitrates and sulphates in the masonry at one location. The brick clay inside the
units was changed 8 times during the pilot test. The new brick clay was placed
on the same place and the experiment continued. The longest period with the
same brick clay was a month, however, the problems with a high masonry
resistance occurred in this period. The overall transferred charge was 88 900 C
at the end of the pilot test. It correspondents to 10 mA current applied into the
wall within 3.5 months. Every change of the clay poultices is shown in the Fig.
64 to Fig. 66 together with the removed mass of chlorides, nitrates, sulphates
and the transferred charge. Another problem was during the winter. The
temperatures decreased below zero and the pilot test had to be stopped for 2.5
months because the brick clay was frozen and thus the maximum voltage was
reached quickly due to the high resistance of the frozen clay. The whole duration
of pilot test was thus 6 months. The overall results of the water contents and salt

concentrations from the pilot test are shown in the Table 31 to Table 33.
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Fig. 64 The removed grams of chlorides after every change of the clay poultice.
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Fig. 65 The removed grams of nitrates after every change of the clay poultice.
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Fig. 66 The removed grams of sulphates after every change of the clay poultice.

Table 31 The mean initial concentration of chlorides, nitrates and sulphates in the
masonry based on the salt concentrations examined from the initial samples, the

duration of the constant current ap

plied to the set of the electrodes.
Salt conclcl:litt?; tion Duration | Current
anions B months mA
1 [mg ke I [ 1| [mA]
Cr 700+360
NO;3 1960049050 3.5 10
SO,% | 1600+1130

Table 32 The removed mass of chlorides, nitrates, sulphates, the mean final
concentration in the wall and the removal rate of chlorides, nitrates, sulphates.

Salt Removed Final . Rate
anions e] concentra_ilon [g-day™]
[mg-kg™]
Cr 3.4 4204160 0.03
NO;5 43.7 16000+£7800 0.40
S0,? 6.0 640+570 0.05
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Table 33 The initial and the final water contents in the initial samples measured in the
different heights above the ground.

Samples Initial water | Final water
(height) content w content w
[%] [%]
30 cm 4.4 1.9
60 cm 1.8 6.5
90 cm 3.9 7.3
120 cm 5.3 7.3
150 cm 4.6 54

8.5.9 The conclusion

The pilot test and tested utilized electrode units showed that the electrokinetic
method worked in relation to the decreases of salt concentrations. The problems
with too high resistance of the masonry were solved by spraying the tap water
on the wall and wrapping the area around the electrode units with the plastic.

Nevertheless, the addition of extra water inside the wall is unwanted. It is
seen that the water contents of the samples taken at the end of the pilot scale test
were higher contrary to the initial water contents at the beginning especially in
the heights (90, 120, 150 cm) between the electrode units (see Table 33).

e (1) The efficiency of the desalination was found out. At the end of the
pilot test, the initial concentration of chlorides (700 mg-kg"') was reduced
to the value (420 mg-kg"), the initial concentration of nitrates (19600
mg-kg"') to value (16000 mg-kg') and the initial concentration of
sulphates from (1600 mg-kg™") to the value (640 mg-kg™). The removed
mass and removal rates are shown in Table 32.

In the case of sulphates, it was successful to decrease the initial concentration
below the limiting value which means no damage, however, the duration of the
experiment was too short to obtain sufficiently lower concentration of chlorides
and nitrates.

® (2) From the obtained results following recommendations for the

application in the pilot test are given.
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9 CONCLUSION AND FINDINGS OF SCIENTIFIC
KNOWLEDGE

9.1 The optimization of the closed laboratory setup for the
dewatering of the tap water saturated bricks due to electro-
osmosis using different types of the clay poultices

On the basis of the experimental drying of the tap water saturated bricks
under the laboratory conditions the most suitable combination of the clay
poultices for the dewatering due to electro-osmosis was found out.

e The tested combination of the clay poultices where the brick clay as
poultice was used on the both sides showed the highest decreases in the
water contents at the end of the laboratory experiments (read 8.1.9 The
conclusion).

e The same combination showed the lowest increases in pH in the cathode
clay poultice (read 8.1.9 The conclusion).

e The both types of tested clay poultices showed their buffering capacity in
relation to the changes of pH in every experiment (read 8.1.9 The

conclusion).

9.2 Desalination of the sandstones under the laboratory
conditions using one type of clay poultice

On the basis of the experimental electrokinetic desalination of sandstones
under the laboratory conditions, the efficiency of desalination was found out,
moreover, the suitability of the used clay poultices for desalination was verified.

e The tested clay poultices in which the mixture (CaCOj; + kaolin + distilled
or tap water) was used on the both sides showed significantly high
decreases in the chloride, nitrate and sulphate concentrations at the end of
the desalination experiments (read 8.2.9, 8.3.4 The conclusions).

e The tested mixture buffered the acidification in every experiment with the

sandstones (read 8.2.9, 8.3.4 The conclusions).
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e The placement of the electrodes in relation to the sandstone surfaces with
the different salt concentration showed its importance. The higher
removed mass and removal rates of chlorides and nitrates were calculated
when the anode electrodes were placed towards the sandstone surface
with the higher concentration of salts. The importance of the placement
was confirmed in the additional experiment where the stronger current

was applied into the electrodes (read 8.3.4 The conclusion).

9.3 The optimization of the closed laboratory setup for the
desalination of the bricks contaminated with sodium
chloride using the different types of clay poultices

On the basis of the experimental desalination of the bricks contaminated with
the sodium chloride under the laboratory conditions the most suitable
combination of the clay poultices for the desalination was found out.

e The tested combination of clay poultices where the mixture (CaCO; +
kaolin + distilled or tap water) was used on the both sides showed the
highest decreases in the chloride concentration in the bricks at the end of
the laboratory experiments (read 8.4.9 The conclusion).

e The combination with the brick clay on the both sides showed the highest
decreases in the water contents inside the bricks (read 8.4.9 The
conclusion).

e The both types of the tested clay poultices showed their buffering capacity

in relation to pH changes in every experiment (read 8.4.9 The conclusion).

9.4 The use of the electrokinetics for the desalination of
constructions such as brickwork and sandstone walls

In the present building practice, the electrokinetics as the method for the
dewatering and desalination of the building matters and construction is
successfully used. The method of dewatering due to electro-osmosis has been
used mainly in Germany, Austria, Denmark for decades and many of the

equipments in these countries have been already certified, however, the method
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for drying and desalination may be sorted as an expensive because of the rising
prices of energy. The last chapters are written on the basis of laboratory results

and results from the pilot tests.

9.4.1 The choice of the suitable type of the clay poultice

The choice of the suitable type of the clay poultice is an essential for the
dewatering and desalination. The right choice influences the efficiency of the
dewatering significantly.

The dewatering of the bricks and the brickwork

e For dewatering of bricks and brickwork, the brick clay used as the clay
poultice showed the highest decreases in the water contents from the
water saturated bricks. The used brick clay should contain approximately
17.0-18.0 % of carbonates.

e The setup of the constant voltage and good contact should be maintained.

9.4.2 The recommended setup for the desalination of the brickwork

with the plaster when an electric field is applied

From the experiment 4 (read 8.5 EXPERIMENT 4 - Desalination of a
masonry in the pilot test under an applied electric field) and from the previous
pilot scale test [42] the approximate effectiveness in the desalination of the two
types of clay poultices was found out.

The following recommendations for desalination are based on the results from
the pilot scale tests and the experience obtained from them. The specific
conditions such as the initial water contents, initial concentration of salts and the
outer temperature have to be taken into account.

The following points describe the way how to set up electrode units for the
desalination of the brickwork properly in order to get the highest efficiency for
desalination:

e To have the visual survey and the knowledge from the history of the
building — to find out the sources of the moisture and salts,

e To design a solution which avoids moistening of the construction,
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Fig. 67 shows the area of a wall which should be desalinated.

WVISIELE WET OR FIXED FLACES
ON THE wWALL SURFACE

REFERENCE SAMPLES

Fig. 67 The simplified scheme of a part of a wall which has to be desalinated.

e To think about the future placement of the electrode units. The same type
of the electrode units as in the experiment 4 are supposed to use for the
desalination purpose,

¢ The supposed placement of the electrode units on the brick wall (see Fig.
68 and Fig. 69),

A the recommended distance between the used electrode
units (350-500 mm) given from the experimental
results,

B the height of the used electrode units (500 mm),

o 350-400

THE SUPPOSED PLACEMENT

OF THE ELECTRODE UNITS REFERENCE SAMPLES
' : NN T 1 F

7

A

R |

Fig. 68 The area from where the initial (reference) samples were taken (drilled).
Dashed lines — the supposed placement of the electrode units;

e To take the initial (reference) samples from the wall between the supposed

placement of the electrode units (see Fig. 68),
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To take the reference samples by drilling in the brickwork from the

different heights above the ground and to analyse the initial water contents

and the initial salt concentrations. The samples should be taken from the

whole depth of the brickwork. In general, it is supposed that the salts are

distributed in higher concentrations at the outer surface of the brickwork

between the layer of a plaster and bricks,

e The finding of the salt concentrations in the whole cross section of the

wall may be useful for better placement of the electrode units and thus for

the improvement of the efficiency of desalination,

e From the ion chromatography, the initial concentration of chlorides,

nitrates and sulphates may be calculated:

The initial concentration of CI’
The initial concentration of NO5

The initial concentration of SO42'

¢ The next step is the placement of the electrode units on the wall and set up

of constant current. The electrode units should be placed on the same side

of the brick wall where the higher concentration of salts is. The Fig. 69

shows the suitable placement of the electrode units on the brickwork,

,350-500 250, 350-500 250 , 350-500 ,
4 i 7 i 4 i
Sy —l [ —l = — N
-}
- — + || — + | — + 5
— 3
POWER
LGrROUND & 3 e ©  |sUPPLY
N

Fig. 69 The view on the electrode units and their recommended placement on the brick
wall from the outer wall surface.

e The closer the electrode units are placed the higher current is possible to

set up. The distance 350 and 500 mm between electrode units is

recommended,
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e To spray the distilled water on the brickwork in the case of too high
resistance,

e To wrap a part of a wall which is being desalinated (see Fig. 62),

e To keep the clay poultices on the place until the voltage of the power
supply gets its maximum,

e The process of desalination should be running until the removed grams of
chlorides, nitrates and the sulphates gets steady pattern as clear in the Fig.
70,

e During the tests, it is suitable to take samples which may show the
efficiency of the desalination so far.

The following equation expresses the overall charge which passes through the

setup of the pilot test at the end of the test.

Q=t-1 9.1)
where  Q..vevveeeeeenn. an overall charge [C]

Lo, the constant current set up for the desalination [A]

| R the overall time after the test [s]

e At the end of the desalination treatment, to take the final samples and to
compare the concentrations with the concentration at the beginning and
with the norm ONORM B 3355-1 [21].

N

Removed grams [g]
Cl,NO,

Q [C]

Fig. 70 The supposed pattern of the complete desalination based on a mass removal of
salt anions and transferred charge.
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9.4.3 The recommended setup for the desalination of the sandstone wall

under an applied DC field using the clay poultices

The laboratory experiments were aimed at the desalination of the sandstones
under an applied electric field with the use of the clay poultices. From the series
of experiments the removed mass and removal rates of chlorides, nitrates and
sulphates together with the suitable placement of the electrodes were found out.

The following recommendations are based on the encouraged laboratory
results which can be useful for the future desalination of a sandstone wall. The
specific conditions such as the initial water contents, initial concentration of
salts and the outer temperature have to be taken into account.

The following points describe the way how to set up electrode units for the
desalination of a sandstone wall properly in order to get the highest efficiency
for desalination:

e The visual survey and the knowledge from the history of the building — to
find out the sources of the moisture and the salts,

e To design a solution which avoids moistening of the construction,

Fig. 67 shows the area of a wall which should be desalinated.

e To think about the future placement of the electrode units. The same type
of the electrode units as in the experiment 4 are supposed to use for the
desalination purpose.

e The supposed placement of the electrode units on the sandstone wall (see
Fig. 71, Fig. 72 and Fig. 73).

A the recommended distance between the used electrode

units (350-500 mm) given from the experimental

results,
B the height of the used electrode units (500 mm),
Caeeeeeeeeee the thickness of the sandstone wall (70 mm - a fixed

value based on the laboratory experiments),
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Fig. 71 The front view on the electrode units and their recommended placement on the
outer surface of the sandstone wall. The connection to the power supply is not shown.
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Fig. 72 The scheme of the placement of the electrode units in the axonometric
projection on the part of the sandstone wall. The electrode units are placed exactly on
the opposite sides and connected to the power supply (not shown). The dashed line —

the electrode units on the opposite side (interior).
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Fig. 73 The scheme of the placement of the electrode units and the distance between
them. On the left (the cross section), on the right (the ground plan). EXT. - exterior,
INT. - interior;

e To take the initial (reference) samples from the wall between the supposed
placement of the electrode units (see Fig. 68).

e To take the reference samples by drilling in the sandstone wall from the
different heights and to analyse these samples for the initial water contents
and initial salt concentrations. The samples should be taken from the
different depth of the wall because the significantly high concentration of
the salts may be measured even towards the internal surface of the
sandstone wall. This was found in the laboratory experiment 2.

e The finding of the salt concentrations in the whole cross section of the
wall may be useful for better placement of the electrode units and thus for
the improvement of the efficiency of desalination,

e From the ion chromatography, the initial concentration of chlorides,

nitrates and sulphates may be calculated:

The initial concentration of Cl ..................... [mg-kg']
The initial concentration of NOs .................. [mg'kg'l]
The initial concentration of SO, ................ [mg-kg']

144



To place the electrode units filled with the mixture or brick clay on a
sandstone wall and to set up the constant current. The electrode units
should be placed on the sandstone wall in the following order (see Fig. 71
to Fig. 73). The closer the electrode units are placed the higher current is
supposed to be to set up. The distance 350 and 500 mm between electrode
units is recommended,

To spray the distilled water on the sandstone wall in the case of too high
resistance,

To wrap a part of a wall which is being desalinated (see Fig. 62),

To keep the clay poultices on the place until the voltage of the power
supply gets its maximum,

The desalination process should be running until the removed grams of
chlorides, nitrates and sulphates gets steady pattern as clear in the Fig. 70,

During the tests, it is suitable to take samples which may show the
efficiency of the desalination so far.

At the end of the desalination treatment, to take the final samples and to
compare the concentrations with the concentration at the beginning and
with the norm ONORM B 3355-1 [21].

9.5 Assumption for the next experimental work based on the

results from the dissertation

The future experimental work should be aimed at the extension of the

theoretical and the practical knowledge of the processes during the dewatering

and the desalination when an electric field is applied. The changes which occur

during the electrolysis on the electrodes seem to be limiting factors as for the

efficiency of the dewatering due to electro-osmosis as for desalination. The

following points might be investigated in the future:

e To analyze the changes at the anode electrode as H, is created from the

chemical reaction at the anode. The gas might have been taken away
directly from the closed laboratory setup. That action might have

improved and increased the efficiency of dewatering and desalination.
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e The pH influence the dewatering and the desalination significantly
therefore it might have been useful to find out and to test the mixtures
which can buffer the increases in OH ions at the cathode electrode.

e To test the materials which were desalinated by applied electric field for

the mechanical properties as the compressive strength, bend strength etc..
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CESKY ABSTRACT

OdvlhCovani a odsolovéani stavebnich konstrukci je v soucasné dob& velmi
diskutované téma. V soucasnosti jsou pouZzivané rizné zpusoby jak pro
odvlhcovani tak pro odsolovani stavebnich konstrukci. Existujici metody jsou
ucinné, ale je nezbytné vyvijet stdle nové piipadné starSi metody vylepSovat.
Problematika vlhkosti ve staveni konstrukci je spojend se solemi, které v ni
mizou byt rozpustény a spolecné pak v konstrukci déle putovat. Tyto soli pak
muizou pusobit Skody v konstrukcich a ménit jak mechanické tak fyzikalni
vlastnosti stavebnich materiali.

Zékladni pozadavky pro vysouSeci a odsolovaci techniky jsou rychlost,
ucinnost a ekonomicky faktor. Presentovana prace se zabyva odvlh¢ovanim a
odsolovanim pouzitim elektrokinetickych metod spoleéné s technikou
ptiloznych prvkid. V prvni ¢asti disertaéni prace jsou popsdny zakladni
teoretické principy v oblasti vlhkosti a soli. V druhé ¢asti (experimentalni) byly
provedeny série méfeni v laboratofi a v in situ.

V experimentalni ¢asti disertacni prace jsem odvlh¢oval a odsoloval cihly,
piskovce vlivem ucinku elektrického pole. Snazil jsem se optimalizovat
laboratorni nastaveni, aby odvlh¢eni a odsoleni cihel a piskovci vlivem u€inku
elektrického pole bylo co nejvétsi. DalSi méfeni bylo provedeno v in situ, kde
byla také pouzita technika ptiloznych prvkl spole¢né s aplikaci elektrického
pole. V testu bylo dosaZeno sniZeni koncentrace soli. Z experimentélnich

vysledki je mozné dat navod, jak spravné postupovat pii odsolovani.
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